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The I nstitut Max von Laue-Paul Langevin 

Th e ln stitut Laue-La ngev in (ILL) is an intern ationa l resea rch centre 

usin g neutron s to probe the mi crosco pic st ru cture and dynami cs of a 

broad range of mater ials. Til e co mbin ation of th e world 's mos t powerful 

neutro n source with dedi ca ted in strum entat ion enabl es th e stud y of a 

wid e va ri ety of sc ientifi c qu es ti ons. Problems in materi als cience . 

chemi stry, biology, solid-state physics and nu clear ph ys ics are in ves tigated. 

F'or th ese di ve r se stud ies, th e In sti tute offers its ex per im ental 

fac iliti es (som e 30 in strum ents) to sc ienti sts wor ld-wid e via a pee r-rev iew 

system; conf' id ential indu strial exper im ents are also welcomed. 
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Dirk Dubbers. Lhc ILL director. rrfu. ing 10 
sing along wilh his secrelar . 13arbara 
Standke. and choo ing Lo gire an allcr rl in­
ncr speech instead. 

0 
n I'' January 2000 Lile ILL launched Lil e Millennium 

Programme. Thi s ambiLious programm e will involve Lil e 

continuous renewa l of aim sL al l ILL insLruments ancl infra­

sLructure over Lil e yea rs to co me. To ce lebrate th e ew 

~1illennium ancl the launch or the Millennium Programme th e 

Directo1\ organL eel a Millennium party on 21 January. All ILL 

people ancl their l'ami lie \\ere invited. After the buffet cryonc 

cl1:111ced to the sounds of Lhc two ILL group . the Groupe Chanson ' 

ancl th e ILL rockers1
. 

Harli.1ra Stan<J,1• (1nraI,I. c; t' rarll Grancll'nt• (1•h-r Irira l and elrc Iro-mechanica l 11 or,shop. s1n­
llww1• rJ . Claude \ <XTO/. (l '\llt'r1mc·ntal hall and 1acuum lahoratory. drums). 

Frou agc• Chrr sl' (C llar lt·s llr 11,hursl. inslrumr nt scir nli ·1 Oil D22). \Iihra Dr nmar, (,\mlrr 11 
11·11c1P,. i11 , IrumrnI srn·llli sl oil llI7). Koc , ~lcl.0111l11' (Ross S1e11 ar1. ins1r11nlt'lll scienti st 011 D7) and 

l 'rou s,·r ~lcC:orr ('li•('fur Rolwrt s. pnl.iris,·d llr proj,·1·I1 . 

The Greatest Rockin ' Rollin ' Hand. 

Colin Carli le. Lile 13rilish rlircctor. head or the projects and 
techniques di1ision . asking Eddy Lclierre·s claughlcr for a dance. 

Claude Cam 1ios. electronics service. anti Bob Prall. reac tor Cl'f\\l. 
improvise a blues. 
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r • ector1s 

The year 2000 was a good one ror the ILL. Our Millennium Renewal 

Programme got off Lo a prompt start on the I ' of January 2000. and the 

programme's first fi ve instruments (D3. I 20. VIVALDI. the Strain lmagC'I'. 

and the SA S detectors) have proceeded apace over the cour e of the yea r. 

AL Lhr ame Lime. six other instrument projects have been uccessful\y 

completed. rour of them (D4. D 16. 1111 :t D 17) on schedule and the remai­

ning two (D20. IN4) once unroreseen technica l challenges had been over-

ner has announced its intention Lo make success ive increases ove r Lhr next 

rew ear in its contribution to ILL. as well as further investment on a Iar­

grtecl basis in ILL-approved projects. This gives ILL the chance Lo start 

work immecliately on other pans of its ambitious Millennium Programme. 

On a sadder note. in the course of 2000. Professors Louis re l and I leinz 

~laier-Leibnitz passecl awa - two of ILL's grea test pioneers whose memo­

ry will be honoured by us all. 

come. ers have welcomed all these new in ·trnment with grea t enthu- In the past year the ILL direc tor have been particularly occupied~ ith the 

sia m. I 5 and I 8. the final two instrument. in thi s series. arc on the way. 

for delive ry as planned in the cour e or 200 I . 

As far a rutu re projects are conce rned. the l\,li\lennium Programme 

involve not only many more exce llent propositions ror instrument renwa\. 

but also plan ror an overhaul or ILL's infra truclure. including the renewal 

of all the old nC'utron guides. With a rer enlly new reactor. strong new inrra-

tructure. a suite or instrumr nts comprehensi1 e\y renewed and a rejuvc·­

natecl workforce. the Institute coulcl not be \Jeuer prepared to facr L11r future. 

The ~lillennium Programme has \Jeen prC'sentecl ancl di scus ed. both inter­

nally in ILL's committees. and on a national and international lc\el in a 

number of cicntific fora: this di scussion is now being extended Lo invo ll'e 

all former and potential users with a stakr in the ques tion. II is our duty to 

question of the directions Lo be taken b science at ILL in the fuLUrc - we 

know from experience that if the 'product' is right - and ror ILL thi s means 

resra rch or the highe L quality- the rest will follow. In the rol\O\ ing pagrs 

wr present a selection or the work ca rrird out at the Institute ovN the last 

ca r. and we would like to thank all those who have helped to makt' such 

l'ine results possible. There were also other important challengC's Lo \Jc met 

in the yea r - the ecuring of the fur l cyc le. thr introduction of a 35-hour 

wee k. and the resolution or intrica te financial que Lions. to name a fe\, -

and the e haw been dea lt with in thr ir usual ma trr ly fashion b ILL's 

technica l teams. We would like to take thi s opportunity 10 thank them for 

their contributions. 

en urc that ILL maintains its rightful pla e in what is a rapidly c1·0\ving All in all ILi. ha the wind in it. ail s. There are all the indica tions that 

field. It is therefore e ential that ILL' · Lrr ngth s. ancl in parti cular thr 01·r r the decade to come thr lnstilutC' \I ill confi rm its position in the 

advantage of ve ry strong continuous nrutron bram . \Jc brought fully to forefront of neutron science. 

bear upon those areas of resea rch mo. t li ke \ to bear fruit. \\'e mu t also 

now investiga te the potential for widening the scope of neutron 

technology. ancl we are lending all our r ffon s in support of th r 

project to construct the ESS. a pul se I spallation source in Eurnpc. 

Al the end of 2000 more good news ca me in for the lnslilllte: the Ut-: part-

L'an 2000 a 6t6 une bonne an nee pour\' \ LL. Des le I,., janvier 2000. le pro­

gramme de renouvellement de \'ILL. le 'Programme Mil lennium'. a ete 

lance. La reali ation des cinq premiers instruments cle ce programme (D3. 

I 20. VIVALDI. le scanner de contraintc et les detecteurs D PA) est en 

bonne voie. Parallelement. six projets instrumentaux lances au cours des 

annee precedentes ont ete acheves awe succe (D4 . DI 6. 1111 3. DI7. 

020. I 4). \es quatre premiers clan lcs c\elais prevu •. les cleux dernir rs 

avec un certain reta rd en raison de problemes techniques inattendu . Ce 

instruments ont ete accueillis avec cnthousiasme par les utilisa teurs de 

\'ILL. Les deux derniers instruments de cette se rie (IN5. IN8) srront dis­

ponibles. comme prcvu. en 200 I. 

Pour les annec a venir. le 'Programme ~lillennium' comprend de nom­

breuses autre propositions d'excellcnte qualile pour le renouvellemcnt des 

instruments. mai ega lement pour un renouvc llement r n profonc\eur c\e \'in -
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rrastructurc de \' ILL. y compris c\e tous lrs anciens guides cir neutrons. twee 

un 1·eacteur pour ainsi c\ire neuf. une inf"rastructure sainc. un pare instru­

mental entirrement renove ainsi qu'une equipe fortement rajcunie. l'lnslitut 

e t parfaitement equipe pour affronter l'avenir. 

Le 'Programme Millennium' a etc presente et discute au sein drs comites clc 

\'ILL ainsi que clans different colloques cientifiques au niveau national r t 

international. lcs discussions sc poursuivent main tcnant ' LII' une base plus 

large au ein de la communaute de utilisa teurs actuc\s rt potenliel • de nru­

trons. Dans un environnement qui 6vo\ue rapidcmcnt. ii est de nou·e clevoi1• cle 

c\onner a l'ILL la place qui lui rrviC' nl. Pour ccla. ii c t cssenliel de mettrr en 

valeur \es points forts cle !'ILL. en particulier les avantages c\es faisceaux de 

neutron conLinus et Irr intcnsC's clans c\cs domaine cir recherche particu­

lirrcment prometteurs. En ouIre. ii faut chcrchcr a diversifier les applica tion 

possibles de la neutronique. Simul tanr mcnt. \'ILL soutiC'nt fermcmcnt la prn-



posiLion de construire la source a spallaLion pu lsee europeenne ESS. 

La fin 2000 a ega lement ete marquee par une autre bonne nouvelle pour 

l'lnsti tuL. L'Associ6 britannique a decide d'augmenLer progressivemenL a 

con tribution a l' I LL au cours des prochaines ann6es. En outre. la Grande­

Bretagne a l'inlention d' investir de maniere ciblee dans des projets de l'ILL 

deja approuves. l) ILL sera ainsi en mesure de s'attaquer immecliatemenL 

a d'autres parties de son ambitieux 'Programme Millenn ium '. 

En 2000. deux des grands pionniers de l'ILL. les professeurs Louis eel et 

Heinz Maier-Leibnitz. onL disparu. Nous honorerons toujours leur memoire. 

Au cours cle l'annee ecoulee. la Direc tion cle l'ILL s'est plus particuliere­

menL penchee sur la ques tion cle l'orienLaLion ru ture cle la science a l' ILL. 

En effet. comme le montre !'experience. lorsque le 'proclui t' est bon. c'est­

a-cl ire lorsque la science est cle grancle qualite. tout le reste suit. Dans les 

pages suivantes de ce rapport. nous presenI,ons une selection de l'acLiviLe 

rd·ch o· k es ire tors 
Das Jahr 2000 war ein gutes Jahr fur das ILL. Piinktlich mit clem 1. Januar 

2000 wurcle das ILL M illennium-Erneuerungsprogramm angerahren. Die 

ersten funf lnstrumente aus diesem Programm (D3. IN2O. VIVA LDI. Strain 

Scanner. SANS-Detektol'en) sind im Laufe des Jahres gut vorangekommen. 

Parallel clazu wurden sechs lnstrumentprojekte aus vergangenen Jahren 

erro lgreich abgeschlossen (D4. D16. H 113. D17. D2O. IN4) . die ersten vier 

innerhalb des vorgesel1enen Zeitplans. die beiden letzten erst nach Ober­

windung unvorhergesehener Lechnischer Schwierigkeiten: alle fertigen 

lnstrumente sind von den Nutzern mi t grol3er Begeisterung aufgenommen 

worclen. Die letzten zwei lnstrumente aus dieser Serie (IN5, IN8) werclen im 

Jahr 2001 fr istgemal3 fertigges tell t. 

F'01· clie kommenclen Jahre umraf3L cla s Millennium-Programm nichL nur 

viele weitere sehr gute Vorschlage zur lnstrumenterneuerung. sonclern auch 

Vorsehlage zur gruncll egenclen Erneuerung cler lnrras truktur cl es ILL. ein­

schliel3 Iich aller alteren Neutronenleiter. Mit einem fast neuen Reaktor. 

einer gcsunclen ln rrastruktur. einem runcl um erneuerten lnstru mentenpark 

sowie einer stark verjiingten Mannschart isL clas lnsLiLuL dann bestens rur 

clie ZukunfL gerii ste t. 

Nachdem das Mi llenn ium-Programm in clen Ausschii ssen cl es ILL sowie in 

verschieclenen nationalen uncl inLernationalen wissenschaftlichen Gremien 

vorgesLellL uncl diskuLierL wurcle, wird nun die Diskussion aur breiLerer 

Basis mit alien interess ierten bisherigen uncl zukiinftigen eutronennutzern 

weiLergefiihrt. Unsere Aufgabe isL. clas ILL in einem sich schnell anclernclen 

Umfelcl bestmoglich zu plazieren. Dazu miissen die Starken des ILL insbe­

sonclere im Bereich konLinuierlicher eutronenstrahlen in zukunrtstrachLi­

gen Gebieten cler F'orschung optimal zur GelLung gebracht werclen. F'erner 

streben wir eine Diversifizierung der moglichen Neutronenanwendungen 

an. Gleichzeitig un terstiitzL das ILL nach Kraften clen Vorschlag zum Bau 

einer gepu lsten europaischen Spallationsquelle ESS. 

cle l'ILL au cours cle l'annee 2000. Nous remercions tous ceux qui ant per­

m is cl 'obtenir ces resulLats scienLifiques remarquables. D'autres clefis 

importanLs ont ete releves. ii a fallu . par exemple. assurer le cycle clu com­

bustible. mettre en reuvre la emaine cle 35 heures et r6soudre cl es pro­

blemes de technique financiere. Comme d'hab itu cle. ces problemes ont ete 

maitri ses par les specialistes de l' ILL avec une grande efficacite. Nous vou­

lon ega lement profi ler cle ceLLe occasion pour les remercier. 

Dans !'ensemble. l'ILL a le vent en poupe et tout laisse a penser que 

l'lnsLi tuL pourra main teni r au cours des prochaines decennies son role pre­

dominant dans le domaine de la recherche neutronique. 

Dirk Dubbers 

Gegen Ende des Jahres 2000 gab es eine weiLere gute Nachricht fiir das 

lnstiLuL: Der briti sche Partner hat beschlossen. seine BeLcil igung am ILL in 

den komm enden Jal1ren sturenwe ise anzuheben: zu sa tzlich will 

Grol3britann ien gezielt in bereits genehmigLe ILL-Pro jekte investieren. Dies 

wircl es clem ILL erlauben. weitere Teile cl es umrangreichen Millennium­

Programms sorort in Angriff zu nehmen. 

Im Jahre 2000 sind zwei cler grol3en Pioniere des ILL. cl ie Professoren Louis 

Neel und Heinz Ma ier-Leibn itz flir immer von uns gegangen. Wir werden ihr 

Anclenken stets in hohen Ehren halten. 

Auch im vergangenen Jahr hat sich das ILL-Di rektorium vorrangig mit 

F'ragen der zuku nrtigen Wissenschaft am ILL befa sst, denn die Errahrung 

lehrt: Wenn clas "P1'odukt" stimmt. das heil3L, wenn die Wissenschaft von 

hochster Quali tiit isL. dann ro lgt alles andere nach. Aur den fo lgenden Seiten 

dieses Berichts stellen wir eine kleine Auswa hl aus der ILL-Procluktion des 

verga ngenen Jahres vor. Wir danken alien, die diese schonen wissenschaft­

lichen Ergebn isse moglich gemacht haben. Andere wichtige 

1-l erausforderungen. wie z.B. clie Sicherung des Brennstoffzyklus. clie 

Einriihrung der 35-Stundenwoche. oder cl ie Losung finanztechnischer 

F'ragen wurden von clen zustancl igen F'achleuten des ILL in gewohnt her­

vorragender Weise gemeistert. Auch ihnen wollen wir an dieser Stelle 

besonders danken. 

lnsgesamt befincleL sich das ILL in gutem F'ahrwasser und alles deutet 

clarauf hin. dal3 cl as lnstitut auch in den kommenden Jahrzehnten seine fiih­

rende Stellung in den Neutronenwissenschaften wird behaupten konnen. 

Dirk Dubbers 
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Christian Vellier (right) . Lile French director. llead of the Science 
Division. shows the experimental hall Lo the Slovakian Ambassador. 
Vladimir Va lach. who visiled the ILL in March. 

A living atom. made of reel protons. blue neutrons and ye llo11 
electrons. 1i ins around during Le ateliers des neutrons. organised 
by Anne Le oe l. Communication Officer al the ILL. 
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The French Academy or Science held its annual regional meeting in 
Grenoble. in November 2000. As a parL of the three-day event they 
visiled Grenoble's Lwo major scienlific rac llities. ILL and l•:SRE In 
the 1iholo. EkkchardL Bauer. Head of the Reactor Division. guides the 
members or the Academy around the reactor. 

l,a Fete de la Science - in October 2000 - helps the general public 
Lo l'ind out more about scienlillc research and technology. 



Scientific 
highlights 

The ea r 2000 ha been another highly productive p riod for the scientific program­

me or the ILL. The cientific highl ight presented in thi section of the Annual Report 

illustrate the tremendous range of high quality science achi cd at the ILL. This is 

re fl ected in the large number of exc iting re ults being presented. ranging from quan­

tum criti ca l points to orbital ordering and to the role of orbital moments in magnetic 

fluctuation . Magnetism a a field of research is evo lving very rap idly: new material 

are discovered and new problems are contemplated uch as magneti c excitation in 

thin films. quantum pha e transition and co rre lated fermions. ILL u ers take advan­

tage or other complementary technique . uch a the synchrotron x-rays produced by 

our neighbour. the ESRP. in order to reach a better understanding of their scientific 

problem . Thi is particularly true in the ea e of electronic properties of olids and 

chemistry. The un ique charac teristi cs or neutrons - to penetrate deeper into mate­

rials. to detec t the different isotopes of the sa me element and to probe the dynamics 

of atoms and molecules over a wide energy range - allow the inves tiga tions of 

concrete probl 'm s such as: conformations of hydrogen bond ·: diffu ive modes in 

liquids. intermetallic alloys and ionic conductors: and the tructure of polymers and 

micro emu lsions. Furthermore. noteworthy developments have been achieved in bio­

logy. The neutron method coupled to the jud icious labelling or the macromolecular 

assembly provide a powerfu l inves tigation tool allowing important observa tions. 

Exa mples include the examination or the rea rrangement of pro tein and the role 

played by thermal fluctuations in protein s tability. Al another extreme end or the 

length sca le probed at ILL. it is recognised that neutrons are an idea l tool Lo inves­

tigate fun damental interactions such as the gravitational field and to induce nuclear 

reac tion s giving indica tions about Lh structure and the exc ited tate • or nuclei. 

The ac tivity or the ILL Theory Group has al so contribu ted to the reputation or the ILL 

and over the yea rs has become a famous centre or attraction thanks to the leader­

ship or Philippe oziere . Last year. when he decided to retire. the ILL and the ESRF 

celebrated together the fruitfu l collaboration with him by hosting a meeting during 

which hi s many friends could pre ent the most recent development in th eoreti ca l 

models for strongly correlated ferm ion . The ILL wishes to expres. the deepes t 

thanks to Phi lippe ozieres for such a productive and rewarding partner·ship. 

The ILL is very gra teful to the many collaborators who have eagerly subm itted their 

highlights to the present report. We wi h to thank mos t warm ly all or you who have 

contributed to thi s yea r's version and. more especially, those whose contributions 

could not be included. 
Scientific 
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agnetism 

Origin of the 3D ferromagnetic ordering 
in the free radical Nit(SMe)Ph 

S. PILLET, M. SOUHASSOU, C. LECOMTE 

( UNIVERSITE NANCY I ) 

Y. PONTILLON ( ILL) 

A. CANESCHI, D. GATTESCHI 

( UNIVERSITY OF FLORENCE ) 

E. RESSOUCHE, J. SCHWEIZER 

(CEA, GRENOBLE ) 

A combined study of the magnetic 
properties of a nitronyl nitroxide free 
radical exhibiting 3D ferromagnetism, 
by experimental spin and electron 
density has been performed using 
non polarised and polarised neutron 
and X-ray diffraction. In this family of 
compounds, the short contacts 
between radicals are thought to 
explain the macroscopic magnetic 
behaviour. Charge transfer from the 
nitroxide fragments to the methyl-thio 
group has been evidenced. The role of 
intermolecular contacts is also high­
lighted to explain the long range 
magnetic ordering involving three 
hydrogen bonds and one nitroxide­
nitroxide short contact. 

Since the discovery of Lhe firsL purely organic 
ferromagneL in 1991 [ 1 ]. Lhe f3 form of the p­
niLrophenyl niLronyl nitroxide iL(p-NO2)Ph 
(Tc= 0.6 K). Lhese eries of organic free radi­
ca ls have been exLensively sLudied wiLh Lhe 
hope to find molecular magneLs wiLh high cri­
tical LemperaLUres. The long range magnel.ic 
ordering observed in this kind of compounds. 
which requires co-operaLive effecLs. is driven 
principally by Lhe naLure of Lhe rad ica l (i.e. 
sub iLU nLs) and Lhe crysla l pa king (short 
inLermol cu lar co nLacLs). The Lechniqu es 
used in Lhi comexL are polarised neuLron 
diffraction which gives direct access Lo Lhe 
disLribulion of unpaired electrons in the so lid 
and X-ray diffraction which gives acces to 
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Figure I : View or Lhc NIL(SMc) l'h radical (a) and shorl in lcrmolccu lar ronlacts (b. c). 

the disLribution of the whole elecLrons of the 
system. These informations are of utmosL 
importance Lo under Land well the magnetic 
coupling mechanisms aL the micro copic 
leve l. In a second tep. this should help in 
designing new molecu lar systems exh ibiling 
more efficient magnetic interacLions (higher 
Tc). if one cou ld rationalise Lhe length and 
orienLaLion of Lh intermolecu lar conLacLs in 
the solid sla te. 

Th 2-(4-meLhylLhioph nyl) -4.4.5.5-te trame­
Lhyl-imidazoline-l-oxyl-3-oxicle [ it(SMe) Ph I 
e hibit bulk ferromagnetism with a low 

Curie LempcraLUre (Tc= 0.2 Kl 12.:3]. This 
radica l carrie a single cleloca li secl unpaired 
electron (S = 1/2) which is Lhe basis for iLs 
magnetic properties (Fig. I a). 
The packing of the radica l in Lhe ce ll 

involves different intermolc ular contacts. 
as hown on Fig. I band I c. First. a ncLWork 
of intermolecular hydrogen bond beLwcen 
Lhe Lwo oxygen atoms of Lhe nitroxicle groups 
ancl methyl fragments. links Lhe rad ica ls in 
Lhe cry lallographie a ancl c direcLion ' . The 
0- -C-N-O groups of each radical are slack­
ed in a nearly perpendicular way in Lile a 
clirecLion (4.8229( I) ). 
The beha iour of one radical in Lhe crystal. 
Lhu showing Lhe effecL of the rn agneLic cou­
plings on Lhi radical. has hcen inve ligated 
in Lwo differenL ways using Lhr cornplemrn­
tariLy between polarised nrul ron cliffraction 
with spin density modelling anrl high reso lu ­
tion X-ray cliffracLion wiLh elecLron densiLy 
modelling and topological ana lysis. It must lie 
noted LhaL the models (mu ltipolar model. sre 
for exa mple Coppens 1997. 141) usPcl to 



rrconsLruct the spin and elec tron density are 
similar. enabling a direct compari son of Lhe 
l'Csulls. The polari sed neutron measurement 
- clone at the diffractometer DN2 (CEA. 
Grenoble) - demonstra tes that the unpaired 
electron is mainly locaLed in a rt* molecular 
magnetic orbital but also partia lly clelocali ­
sed on severa l pa rts of the radical. 
Significant spi n density is also observed on 
the carbon of the methyl-thio group and on 
one methyl-ca rbon of the nitronyl ring. invol­
vccl in the interm olecular contac ts (F'ig. I b. 
1 c): thi s gives evidence for Lhe intermolecu­
lar magnetic interactions. 

On the other hand . l1igh re, olu tion X-ray 
diffraction measurements provicle accura te 
knowledge of the elec tron density distribu ­
tion in th is compound and therefore give a 
clear picture or the interatomic links. com­
pleting the previous spin density (only unpai­
red elecLron s) point of view I 71. The de locali­
sed system spanned to t11e sulphur atom is 
demonstrated by the X-ray study : bond 
lengths and elecLron density in all bonds 
involved in the deloca lisa tion scheme are in 
a medium I'ange between those of a pure 
single and a pure double bonds. The paramr­
terisa tion of the mul tipo lar model used to 

reconstruct the experimental elec tron densi­
ty shows small nega ti ve nel charges (-0. 16 e) 
on each nitroxide fragment which is surpri­
sing for such electronega tive atoms. whereas 
the mcth yl-thio group is highly nega tive 
(-0.59 e).This can be interpreted in terms of 

charge transfer between these two parts or 
the molecule. The main motiva tion for slu­
rlying accura tely Lhe intermolecular regions 
were these observa tions on the behaviour of 
one it(SMe) Ph rad ica l (spin ancl charge 
densiti es). refl ec ting the intermo lec ular 
in teractions. 

The in termolecular interaction · invo lve three 
hydrogen bonds and one short N-O .. ·O-N 
contact for which the study in the context of 
magnetic couplings. is of grea t in terest. For 
thi s pu rpose. the electron density distribu­
tion was analysed in the hydrogen bond 

s '· 
Cl4 

Figure 2: Projcrtion of lhc spin dcnsil y. 
as obta ined hy ll'ave function modelling 
and projected into the O 'C 10 Ii lane 
(uni ts arc ~11.k' ) . 

0.10 

0.05 

0.00 

-0.05 

Figure 3: Electron density as 3D representation . isoconLour al 0.02 eA-' level showing one of the intermolecular 
contacts by accumulation of electron density in Lhe intermolecular region. Only the hydrogen atom invo lved in 
thr hydrogen bond is represented and on ly O-N-C-N-0 .. ·II-C-S fragment is included in electron density repre­
sentation for clarity. 

regions using its topoligica l properties. In 
order to obtain the rea l pos itions or the 
hydrogen aloms and the elements of their 
anisotropic thermal clisplacement tensor. 
neutron di ffraction measurements were per­
formed on D9 and D 15. Th is point is of major 
im porta nce Lo model the elec tron density in 
the hydrogen bone! regions by the so-ca lled 
(X-(X+N)) 181 multipola1· refi nement (a com­
bination of diffraction clata collecLed wilh 
classica l neutron and X-ray) In the intermo­
lecula1· region s. an elec tron density of 
- 0.05 eA- • is observed (Fig. 3). only in the 
hydrogen bond pa ths. This network of hydro­
gen bonrls in the solid could induce the long 
range magnetic ordering observed by magne­
ti c measurements l 1.21 at much lower 
temperature. 

This work has confirmed that the combination 
of neutron diffraction (polari sed and non­
po lari sed) ancl high resolution X-ray diffrac­
tion is a perfec t technique to st.udy magnetic 
interactions at the microscopic scale in the 
field of molecular magneti sm includ ing ato­
mic. intera tomic ancl intermolecular beha­
vioui's. 
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Quantum magnetic phase transition: 
a top-down approach 

N. CAVADINI , W. HENGGELER, A. FURRER 

( lNS, ETH ZURICH & PSI VILLINGEN ) 

K. KRAMER , H.U. GODEL 

( UNIVERSITY OF BERN E) 

H. M UTKA, A. WILDES ( I l l ) 

P. VORDERWISCH ( HM I B ERLIN ) 

Quantum magnetism exhibits unique 
collective features, bearing no classi­
cal analogies. The unconventional 
magnetic excitations realised in S =1/2 
copper insulators KCuCl3 and TICuCl3 
were investigated by inelastic neutron 
scattering. We identify in TICuCl3 
a promising candidate for the micro­
scopic study of a quantum phase 
transition, driven by zero-point spin 
fluctuations at the lowest temperature. 
Such novel studies often remained 
precluded to neutron scattering due 
to the lack of suitable samples. 
Nevertheless, they address some of 
the most fundamental and debated 
issues of condensed matter physics. 

Temperature-induced phase transitions are 
ubiquitous phenomena in condensed mauer 
phys ics. The crossover from occurrence of 
disorcler Lo orcler. dicta ted by an uncle1·lying 
symmetry brea king. generally refl ects L11 e 
competition between cooperative inLerac­
tions and Lh ermal l'lucLuation s. Classica l 
magne tic sys tems. in which well-loca lisecl 
spins interact among them se lves on Lhe 
grounds of exchange couplings. provide a 
rich va riety of ordered phases. Below a cha­
rac teri stic criti ca l temperature Tc. co llec tive 
spin co rrelations overcome thermal ly driven 
fluctuations. and a spontaneous magneti sa­
tion sets in. Concepts like order parameters. 
cr itical behaviour and universa li ty find iclea l 
rea lisa tions in the field of class ica l magne­
ti sm. wh ich has constituted a privileged Les­
ling ground for theoretica l models of wide 
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app li ca tion. Comprehrnsive experimental 
studies often relied on the deta iled microsco­
pic data accessible hy neutron scaurring. 
Recent years have witnessed the growing 
interest in a cliffercnL mechanism lead ing to 

symmeLry b1·cak ing: quanLUm phase transi­
tions occurring at "T=o··. /\La quantum criti­
ca l point - controlled by an external parame­
ter like eloping. pressure or magnetic field -
Lhe ground state cha nges from order to disor­
der clue Lo zero-point l'luctuaLions or quanLum 
nature 111 . Statics and dynam ics at "T=O'· 
are deeply interconnecLed. as exprrssecl by 
the upper critica l dimension d<4-z separa­
ting non-classica l from classica l crit ica l 
behaviou1·. where z i • the model spec ific 
dynamic criti ca l exponent [2]. The novel 
insights to be ga ined by the stucly of such 
unconventional phenomena are by no way of 

S=O singlet 

.1 { I u ) - 1i t)} V\ 

pure academ ic in terest. Quantum critica l 
behaviour. related to the ex istence of compe­
ting ground states in strongly correlated 
electron sys tems. is for insLan cc believC'd Lo 
have deep implica tions for the yet unsolved 
issue of high-Tc superconducting materials [ 1.31. 
/\gain. magnetic insulators provicle us wit.11 
appea ling model sys tems. which represent 
the complexity or true many-body quanLUm 
correlations wiL11 well-understood . pin 
interactions. IL is along Lh ese lines that we 
sta rLed the microscopic investiga tion or thr 
unconventional S= 1/2 antiferromagnrts 
KCuCl :i ancl TICuCl:1. Both compounds sl1arr 
t.he same monoclinic structure. characteri­
sed by the st,acking of nea rly isolated Cu2C lr, 
plaquettes in clouble chains along the a axis 
(P ig. I ). Sta ti c magnetic measurements 
revea l a nonmagnetic singlet ground stale 

b 

Figure I : Schematic view of the magnetic intr raclions in the S= 1/2 (K/rl) CuCl:1 family. pro jected on the be plane 
of the uni t cell. Ce ntros)1nmetric Cu2Cl6 plaqucll rs behave as singlel-triplct rlimcr units. building a 3-D inter­
acting dimer network. Correlations along the a axis are not shown. 
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with a fin ite cncrg gap to exc itecl states 14]. 
Prom cleta ilcd inelas ti c neutron sca uering 
stuclies we have cleterminccl that L11c clomi ­
nant va lence bone! J contrac ts neighbouring 
Cu'· spins into singlet climer units . ancl that 

k8T .. 

J~ 
- quantum ~ 

-----,,, ____ critic~:,,,,,-----

•, . 
', ,.' 

> 
Q) 

E. 
Cl 
C: 

magnetisa tion measurements. Howcvr r. only 
inelastic neutron sca uering can clctcrminc 
Lh f' low- lying sprctrum ancl Ille dynamic spin 
co rrelations [61. Due LO the wrak transition 
matrix clement assoc iated with the S= 1/2 
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Figure 3: Characteristic (M.T) phase diagram or dimer-like S= l /2 quantum s1iin systems. Below Lile typical ther­
mal energy k11T- J (dashed area). nuclualion modes are subject Lo the quantum effects described in Lhc text. The 
critica l liclds l'or KCuCb and TICuCl3 corres1iond to llc-20-10 ' Or and Hr-6· 10' Oe. respec tively 141. Inset: 
observed Zeeman s1i lilling of the triplet modes in KCuCl3 at T- 2K as a function of applied liclrl. 

elementary exc itations resul t from the 
breaking or such singlet units in to trip lets 
15]. The triplet modes propagate from one 
climer site to the other clue to the presence 
or weaker in ter-dim er correlations 
(Figs. 1 and 2). The minimum or the observecl 
di spersion relation corresponcls to the 
energy excitation gap 1"1. a quantity wh ich is 
accessible by suscep tibility or high-field 

climcrs. Lile II.I. spectrometers INS. IN22 and 
IN 14 have been decisive for the success fu l 
mapping or reciproca l space. 
A surprising result was the observation of the 
dispersive IJcliaviour or the tr iplet excitations 
along each direcLion. clea rly revea ling the 
three-dimensional (3-D) nature of th e 
magnetic interactions withi n the dimer net­
work. Despite this fact. both KCuCl3 and 

TI C: uCl:1 reta in a 4uantum disordered ground 
statr clown to the lowes t Lemperaturr. A 
clirect comparison or the neutron spectra rur­
tl1cr shows thal the network in TICuCl:i is 
stronger Lhan in KCuCl:i (Pig. 2). r'esulting in 
an appreciable energy bandwidth across the 
leading param eter J. 
In the presence of an exLPmal magnetic field H. 
the exc ited triplet state undergoes Zeeman 
splitting. which eventually overcomes Lhr 
energy ga p al tlw critica l fie ld given by 
gµBl·lc - i"1 whcrr g denotes t11 e gyromagne­
tic factor or 1he Cu'· momenl (Fig. 3). For 
I l>l lc. zero-point quantum fl uctuations arc 
quenched by the cooperative effect or t11c 
3-D exchange in teractions. and the gaplcss 
spin system recovers an orclerecl magneti c 
state 17]. Tl1 c quantum phase transition 
separa ting orcler at I l>I le from disorder at 
l·l<Hc strictly occurs al "T=0". Nevertheless. 
a broad criti ca l region at l'inile T is influencecl 
by the interplay betll'ccn th ermal ancl quan­
tum co rrelations. The fundamental na ture or 
Lile transition at He. and the fielcl- incluced 3-D 
pha se ar-c th eoretica l issues or releva nt 
inLerrsL 18.!J]. Howr-ve r. Lh c lack or suitable 
systems in the appropriate parameter range 
has so far prec luclecl complctr, neutron inve·­
tigations. With S= 1/2 TICuCIJ. we have fully 
characterisccl an excellent candidate for the 
dynamic study or such open questions at a 
microscopic level. completing at Lile same 
lime correspond ing macrosco pic stuclies I 71-
Our experiments result from Lile close colla­
boration between ILL Grenoble. HMI Berlin 
ancl SINO PS I Villigen . In connec tion with Lil e 
parent compound KCuC l3. we illu strate a 
coherent top-clown approach Lowa rcls uncon­
ventiona l quantum criti ca l fea tures. 
The clea r determination or Lile elementary 
triplet spin exc itations in the above com­
pounds provides a prom ising starti ng point 
for future neutron investiga tions. hopefully 
contribu ting t.o elucidate some or the unsol­
ved problems encountered at t11 e forefront or 
condensed matter physics. 
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agnetism 

The temperature dependence 
of the magnetisation in Fe&sNi3s invar: 

evidence contradicting the two state model 

P,J. BROWN 

(ILL AND LOUGHBOROUGH UNIVERSITY) 

K-U. NEUMANN, K.R.A. ZIEBECK 

(LOUGHBOROUGH UNIVER SITY ) 

We have used polarised neutron dif­
fraction measurements on single 
crystals of the FessNi35 invar alloy to 
determine the magnetisation distribu­
tion in the temperature range 100 to 
600 K. We find that the shape of the 
magnetisation distribution remains 
essentially unchanged throughout the 
whole temperature range. The frac­
tion of magnetic electrons with e9 

symmetry remains constant at - 0.47. 
This finding is inconsistent with 
models of the invar effect in which a 
state, or states, with a configuration 
different from the ground-state and 
with slightly higher energy, is thermally 
populated. 

The invar erfect, was di scovered more than 
100 years ago by Gui llame [1]. 
He round that the face centred cubic (rcc) 
alloys or iron and nickel containing roughly 
35% or nickel (F'e55Ni35) have an almost zero 
thermal expansion coefficient over a broad 
temperature range. This useful property has 
been widely exploited in the construction or 
high precision mechanica l instruments. but 
has as yet received no aLisfactory microsco­
pic explanation. In a recent volume of Nature 
[2.3] iL was claimed that the effect had been 
explained in microscopic detail. This claim 
was based on improved band structu re calcu­
lations taking into consideration non-collinea r 
components of the magnetisa tion. However. 
Lynn·s neutron polari sa tion analysi experi ­
ments 14] show that the only perpendicular 
components of magneti sa tion are those as o­
ciated with the spin waves. This contradiction 
serves to emphas ise that although self­
con istenL band structure calculation give a 
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reasonable account or the grou nd state 
properties or 3d transi Lion metals. the same 
is not true l'or the finite temperature propeI·­
ties or which the invar effect is one. 

The invar effect disappears above the Curie 
temperature. which suggests that Lile magne­
tic properties must in some way offse t the 
normal lattice expansion and this premise is 
t11e foundation of mos t explanation given for 
the effec t. Most theories are based upon 
volume instab iliti es of the magnetic moments 

exc ited transitions between these two states 
are supposed to compensa te for the lattice 
expansion clue to the an harmonic components 
or the latti ce vib ration ·. Recent spin po lari ·eel 
band strncture ca lculations made by Entel 161 
lend support to th i model. They predict the 
existence of at leas t two stable sta tes in an 
fee iron-nickel alloy. whicl1 have different 
moments and atomic volume . Although the 
thermodynamic consequences or such a 
model arc difficult to quantify. it has been 
suggested that the inva r effect arises from the 
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Pigure I : Observed and calculated va lues of the magnetic scattering per atom in FC6aNi:J5 at 400 K in 9 T. 
The inset shows the points wi th sin 0(/... > 0.6 i\1 on a larger scale. 

which give ri e to the magneto elastic cou­
pling. The ea rliest model or th is type was for­
mulated by Weiss [5] who postu lated that 
there are two possible sta tes for fee iron. the 
ferromagnetic high volume sta te and the anti­
ferromagnetic low volume sta te. Thermally 

thermal population of the low moment. tow 
volume. state which lies at a slightly higher 
energy than the high moment state. 'lb clatr 
there is no direct experimental evidence for 
the existence of th ese distinct states. 
However in P.nlel's ca lculations 3d electrons 



in U1 e two states are clivided differently be­
tween the orbita ls with eg ancl with L2g 
symmetry. This means Lhat the shape of the 
assoc iated magnetisa Lion distribuLions differ. 
The magnetic moment of Uie higher energy 
state is supposed LO be mostl y clue LO 
electrons in t2g orbita ls. ·o the proportion of 
electrons with thi s symmetry in the mea n dis­
tribution shoulcl ri se with increasing tempera­
ture. Neutron scattering provides a unique 
means of probing thi s cli, tribution. 
In a fcrrnmagnet tile spaLial cl istribuLion of 
the periodic magneti c moment ca n be 
determin ed from precise measurements of 
the magnetic neutron sca ttering in the Bragg 
rcl'lections. In order to obtain the magneti sa­
tion distribution in F'en5N i:i5 we have ca rried 
out a se ries of po lari sed neutron diffraction 
experiments. In these experiments the 
polari sation dependence of the intensity of 
Bragg refl ec tions wa used Lo determine Lhe 
ratio of magnetic to nuclea r sca ttering and 
hence to obtain the magneti c sca ttering 
amplitudes. Measurements were made at 
temperatures between 100 and 600 K. cho­
sen LO cover the region or anoma lous thermal 
expa nsion and the paramagnetic regime 
where Lile thermal expansion has rega ined its 
norma I la LLice behaviour. 

We have made measurements on two pil lar 
shaped single crysta ls or Feo5N i3;i. t' longa ted 
parn llel to (110) with dimensions -2.5x2.5x5 
mm and Ix I x5 mm: these were cut from a 
la1·ger crysta l grown using the Bridgeman 
technique. Tl1ey were mounted with their long 
axes pa rallel LO the field direc tion of a cryo­
magnet on the polari sed neutron clifl'rac tome­
ter D3. In a first exµeriment, made whi lst the 
hot source wa in place. we measured the 
polarised neutron flipping ratios of all hhl 
reflections with sin 0fA < 1.0 A- 1 from both 
crysta ls at neutron wavelengths of 0.85. 0. 71. 
0.6 1 and 0.48 A. We measured under this 
wide range or experimental conditions to 
allow a reliable model for the extinction in the 
crys tal to be elaborated. since extinction is 
the biggest source or enor in this type of mea­
surement. By comparing the eight sets or data 
we were able LO establish an extinction model 
which proved re liable up to about 20% of 
extinction. By using the smaller crys t.a l to 
measure the strong low angle reflec tions and 
the larger one to measure those at higher 
angle. we were ab le to keep the corrections to 
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F'igul'('_ 2: Temperature varia tion of the parameters describing the shape of the magnetisa tion distribution in the 
F'es'iNt;i,; mvar alloy. The blue triangles give the fraction of magnetic electrons in e~ orbitals (left hand scale) 
and the red circ les the ratio of the Iron to Nickel moments (right hancl scale). The red and blue horizontal lines 
are drawn through the corresponding mean va lues. 

be applied to later data sets below thi limit. 
In a scconcl experiment macle on D3 at 0.84 
(without the hot source) we measured nip­
ping 1·atios for the sa me se t or 1'cfl ections at 
temperatures or 100. 200. 300. 400. 500 and 
600 K in an app lied field or 9 T. F'rom th esr 
clata we were able to determine the tempcra­
tul'C dependence or the magnetic moment 
distribution. 

In order to quantify the changes taking place 
with temperature we used a simple model or 
the magneti sa tion cli stribution. The moclcl 
consisted of a random arrangement or atoms 
on a fee lattice with 65% having a moment 
µFe ancl sca ttering like the 3cl electrons of iron 
and 35% having moments fI Ni and scattering 
like the 3cl electrons or Nickel. The aspherici­
ty of the distribution about the atom ic sites 
was modelled by allowing a fraction y of the 3cl 
electrons LO have eg and the rest t2g symme­
try. The parameter µr,e. µNi . and y or this 
model were fitted to the observed magnetic 
structure amplitudes at each temperature. 
Very good fits were obtained as can be seen 
from the graph of the observed and ca lculated 
amplitudes at 400 K shown in Fig. I. 
The va riation with temperature of y ancl the 
ratio µFdPNi is shown in F'ig. 2. It is clear from 
this figure that the symmetry or the magneti­
sa Lion distribution around the atomic sites. 
which is characteri sed by y. does not change 

signifi cantly between 100 ancl 600 K. 
F'urthermore the ratio rwrlPNi is essentially 
constant. showing that there is little va riation 
in the radial density either. There is therefore 
no significant change in the shape or the time­
averagecl magnetic moment distribution be­
tween I 00 and 600 K. In particular there i 
no significant thermal population or a low 
moment. low volume state with a high pro­
portion or electrons in orbitals or t2~ symme­
try in this temperature range. We conclude 
th erefore that the two-state model or the 
inva r effec t based on the static interpretation 
or band structure ca lculations can not be 
va lid. Recent neutron inelastic sca ttering stu­
dies or F'eG5N i35 [71 sugges t that further pro­
gress in understanding the inva r effect may 
be obta ined by considering the dynamic impli­
ca Lions or instabilities in the bancl structure. 
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Magnetic configurations: 
complementarity of neutrons and synchrotron X-rays 

P. NORMILE, W. G. STIRLING 

( UNI VERSITY OF LIVERPOOL) 

D. MANNIX, J. REBIZANT, F. WASTIN, 
G. H. LAN DER ( INSTITUTE FOR 

TRANSURANIU M ELEMENTS , KAR LSR UHE) 

F. BOU RDAROT, P. BU RLET ( CEA-GR ENO BLE ) 

To understand the unusual nature of 
the 5f electrons in actinide systems, 
we use both neutrons and synchro­
tron X-rays to characterise their 
ground-state configurations. The 
experiments reported here involve 
single crystals containing plutonium, 
an element in which the 5f electrons 
are close to being localised. Despite 
the considerable knowledge provided 
by the synchrotron experiments, a key 
experiment, allowing a clearer inter­
pretation of both the synchrotron and 
magnetisation results, was performed 
at the ILL diffractometer D15. 

Neutrons are a powerful probe of microscopic 
magnetic arrangements in solids. However. in 
the case of materia ls with high symmetry and 
associated magnetic domains. neutron experi­
ments are often unable to distinguish between 
many possible configurations. A well known 
example is illustrated in F'ig. 1 for the case or 
materia ls with the NaCl ([cc) atomic 
structure. in which magnetic structures of the 
so-called multiple-q type give ri se to identica l 
neutron-diffraction patterns. This is because 
the neutron intensities are sensitive to the 
square of the magnetic Fourier components. 
and. when taking account of domain popula­
tions, the measured intensities are identical 
for the configurations shown in F'ig. 1. 

The late Rossat-M ignod and his colleagues 
realised that this degeneracy could be li fted by 
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applying an external perturbation such as a 
magnetic field or uniaxial tress, and a series 
of stud ies f 11 in the early I 9so·s. and subse­
quent work. has allowed the magnetic struc­
tures of many acti nide (5n compounds with 
t11 e NaCl structure. such as UN. UAs. USb. 
1pAs. PuSb etc. to be determined. Such 

moment con figurations have recently been the 
sub ject or theory I 2, 3 J so that. for example. 
the 3q structure (F' ig. 1) in USb is a 

Resona nt X-ray magnetic sca tlering (RXMS) 
experiment (performed at the synchrotron at 
Brookhaven NaLional Laboratory. USA) gave 
important informa l.ion on the element-specific 
magneti sm associated with each actin ide 
ca tion in the solid solu tion [4 ]. and founcl ano­
malies in t11e intensities around T'. RXMS ha 
the aclvantage over neutron sca uering that 
there is an extra term in the cro s sec tion that 
gives ri se to aclclitional sa tell ites 15] at pos i-

Figure I : Illustration or lelt singlc-q (1 q) . and rigbt: triple-q (3q) magnetic configurations ror the series of actini­
de compounds having the simple rcc NaCl crystal structu re. Note thal although these appear different. Liley give 
identica l neutron patterns as long as the domain popu lation or the 1 q conliguration is random. (For the compound 
discussed in this article. the wavevector Q = 1/4, which implies that there are rour layers with moments Iiointing 
one way. followed by rour layers wi th moments tbe other way. rather than the one up. one down (Q = I) sequence 
shown in Fig. I . However. the principle or the multi-Q arrangements is the same as shown in these two ligurcs. 

consequence of the extended di tribution and 
relativistic nature of the 5f states [3J. 

Our current interest is in probing the stabil ity of the 
3q ground state in USb by dilution with both 
anions. e.g. U(Sb.Te). as well as other actinide 
cations, e.g (Pu.U)Sb, as in this example. PuSb has 
a 1 q structure (Pig. 1) and here we concentrate on 
experiments with both neutrons and synchrotron 
X-rays on single crystals of (Pua. 15Uo 25)Sb. 
Magnetisation experiments at ITU (Karlsruhe) sho­
wed T ~ 90 K and another anomaly around T' -
55 K. Initial neuU'On experiments (in zero magnetic 
field) at RiS0 National Laboratory in Denmark esta­
blished U1e ordering wavevect.or. q = < 0. 0, 1/4 >, 
and found no evidence for a further phase transi­
tion at T'. 

Lions in reciproca l space identified as 2q 
provided that the magnetic configuration has 
non-collinea r components. An examination of 
F' ig. 1 shows that such non-collinearity is 
present in the mul ti-q, but not in the case or 
the 1 q configuration. This. therefore, gives a 
direc t method to determine the q-state. 
without adding an external perturbation. On 
the other hand. other effects. such as changes 
in the relative phases of the multi-q components, 
may also influence the intensi~ of the 2q satellite. 

F' ig. 2(a) shows the temperature dependence 
of the 1 q and 2q sa tellites measured in RXMS. 
Both start to increase below TN, but then 
unexpectedly the 2q satelli te sta rts to decrea­
se below T' . This decrease below T' was not 



undl'rstood. nor \1 c·rr somt· other ft·aturc·s of 
the magnetisa tion and R\~ IS studies. 
\Ve th('n turned to ncutrnn cxpcrirnt•nts on 
I) I :i. This instrument has the capahility of 
performing r,pc·r imr nts II ilh t11r sample• in an 
appl ied magn<'Lic fie ld. and with the normal-
1.wam tcclrniquc 11·e can measure intl'nsitics 
from different components. A ke} result i. 
sholl'n in Fig, 2(Il). in ,~h i ·h II'(' show the 
intensities of the L11rcc l•'ouri t· r q,. <ll·• and qz 
component · as a fu nction of tempera ture ll'ith 
a I T field applied parallr l to the I 1. - 1. 01 
di rl'clion. ,Ju. t helow TN ,111 in tensities arc 
equ i1·alcnt: this shows that the configuration is 
311. I lci11 c,·r r. br lo11 T" thr componr nt 11·it11 the 
an tiferromagnr t moment s prrprndicular to 
U1c· fi !' lcl rapidly dominates. which is due to the 
structu re changing from :lq to I q at 'I". 

1-'ig. :l shows a schematic (11. 'I') phast· diagram 
of this malC'ria l. 'l'her·r arr at lca: t two inLt·r­
cs ting features ( I J. 
The cri tical fir ld I le= :l .;i T suppressc·s t11r 3q 
structure indepcndr.nt or ll'mprratur·l'. and (2) 
there is a sluggish (entropy driven) transition 
frnrn :lq to t 11 as U1e tempera ture is loll'ered 
for· all I I < I le. lk terrnining I he magrw tic con fi ­
gurnlions or ac tinide materials has bct•1I founcl 
to IH' a prerequisi te for 111Hlt•rstancl i11g their 
elC'ctronic structun' 12. 31. Although the RXI\ IS 
study gives spl'c tn 1I in formation not covl' l'C'(I 
hc·rc·. the results of the DI ;i neutron experi­
ments arc funclamr ntal in idr ntifying the 
gl'Ound-statc configurat.ion. They alluwccl a 
th ('() l'Y of the 311 , I f/ transition. as we ll other 
in for·mation from thr l{\ t\ lS (ancl magnc tisa­
Iio11 ) cxpr rim l· nts. to be placed on a much fir­
mt·r· IJasc: thus dernonstrnting. aga in . Ill(' com­
plementarity lietwcen the synchroIron and 
m·ut ron Lcchn iquf's. 
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Figure 2: (a) Tempcralure dependence of Lhl' 
I q am1 2q salell ite in the R.'l:.\IS (measured at 
Brookhawn "l'alional Laboratory) c:-.1irriments on 
(Puo 7:;l'o.i:;)Sb. The initial gro111h or the 2q atel­
lite is clue to the pre ence or the 3q configuration 
(. ee Fig. I ). but al T there i a luggi h transition 
to the I q state. in 11 hich the 2q satellite does not 
e:-. isl. Thc·1'C' is only a small change at T' in the first­
order satellite ( I q) in zero field 11 ilh either neu­
tron or rrsonanl photon . (At -10 K the 2q atclli­
tr is 3· tO·' time 11 caker than Lhr l q sa tellite. To 
show their rclatire T-rtr pendence 11 c hal'c norma­
lised their intensilie • at -10 K) (b) Intensities or the 
Lhrre Fourier Ch. q, . and Qz components a a func­
tion of trmpera tu rr 11 ith a I T field appl ird paral­
lel to Lhr I 1. -1. 01 direction a measured on D 15. 
The sudden change or intensity at T is interpretrcl 
as the magnetic S)mmelry changing from 3q 
(abol'e T ) Lo I q (below T) . The re lati1 r ty poor sta­
tistics are rlue to thr high absorption ormru and 
the resulting small intensit~ of scatLcrC' cl neutrons. 
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Figurr :!: Schematir phase diagram for the (Puu.1'illo.2'i )Sb sample as a function of l1rhl (Ill mul tempera tu re 
(T) . Note that TN (as shown in Fig. 2(b)) is - 90 K. and is inclr pcnclent or magnetic field. The plot has been maclr 
to show the percentage or the cr}stal in the :lq magnetic configuration al any 11 and T. Zero 3q im1ilies that the 
enti re sample is in the is I q statr - see Fig. I for the diITcrence bet,wen these. 
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Incommensurate antiferromagnetic 
fluctuations in superconducting YBa2Cus06.85 
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(CEA, GRENOBLE ) 

C. ULRICH , B. KEIMER 
( MAX-PLANCK INSTITUT, STUTTGART) 

M. OHL { FZ, J ULICH ) 

P. BOURGES, Y. 5 1D1S ( LLB, SACLAY) 

Among the tremendous efforts devo­
ted to understand high-Tc supercon­
ductivity, a special position is held by 
inelastic neutron scattering studies of 
antiferromagnetic fluctuations within 
the superconducting state. If not 
directly responsible for the coupling 
mechanism, these magnetic fluctua­
tions at least provide an important 
probe to the nature of the phenome­
na. The main feature of the magnetic 
excitation spectrum in superconduc­
ting YBa2Cu306+x is the presence of a 
resonance at a characteristic energy 
around 41 meV and a wave vector 
(n,it) corresponding to the antiferro­
magnetic zone center. Recently it was 
found by unpolarised neutron scatte­
ring technique that below the reso­
nance energy the magnetic signal 
splits into incommensurate positions 
(rr±b,it) and {it,it±b). We have applied 
neutron polarisation analysis to 
obtain state of the art data on the 
incommensurability of the resonance, 
from which a precise model for the 
excitation spectrum can be built. 

One or the mo L imponant outsLanding pro­
blems in condensecl matter phy ics is that or 
high tempera ture superconducLivity. In adcli ­
tion to the potential technologica l applica­
tion . it represents a novel quantum tale or 
coupled r lcctron systems. In conventional 
superconductors the lattice n uctua Lions 
mediate a coupling be tween the electrons. 
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Figure I : Energy ran through the antiferromagnetic zone cent er at 0 =( 1.5.0.5 .1 . 7) (circles) and al a bar~ground 
1>osition 0 =( 1.8.0.6. 1.7) (squares) for an incident polarisation parallel to O (spin-nip r hannrl) . The r·1irrg,1 
dependence or the background i due lo the increased counting lime at higher incident cnrrgies. The hadcd area 
illustrale the magnetic signal peaking at llw re onancr 1iosilion or 41 meV. 

which form quantum mechanically coherent 
pairs. It has been established that also high­
Tc superconductivity i due to pairing of the 
charge ca rr irr . but that Lile coupling mecha­
nism is not Lh standarcl phonon mediated 
coupling. The main problem in unclerstanding 
the phenomena is Lherr rore to find the nuctua­
lions that are respon ible ror the coupling 
mechanism. On gen ric rea ture or the high­
Tc superconductors is Lhal they all conLa in 
CuO2 layer . which in Lhr undoped parent 
compounds form anLirerromagnetic in ulators 
11 1. This could indica te that Lhr coupling 
mechanism is mediated b magnetic nuctua­
Lions. which indeed have been round to under­
go proround changes as the materials are 
cloprd rrom antiferromagnctic insulator · LO 
superconducting meLa ls 121. 

Inelastic neutron sca LLcring mea ures directly 
the magneLic exc itation spectrum with the 
one drawback that thr rC' lalive wrakness or 
th r neutron sca ttering signal make the ava i­
labilit y or large single crysLa l • a prerequisite 
for uch swdics. For thi s rca ·on. C'xperimen­
tal investiga tions have mainly been limited Lo 
YBa2Cu:iOG+x and La2-xS rxCuO4. In 
YBa2Cu3OG+x the most prominent rea ture is a 

re onance around 41 meV at the wave vrctor 
(it.it) or the antirerromagnetic zone crntcr 
[2]. Al o in La2- SrxCuO4 is there a signal 
around (it.it). bu t no sharp re onancr has 
been observed. Instead it was di covered 
that the intensity is constituted of rour 
incommensurate contributions at (it±O.it) 

and (it.it±b) [3. 41 . which ha been associaLcd 
LO the existence or charge str ipes [51. The ·e 
result were encouraging in the ensc that 
the magnetic excitation spectrum in the 
superconducting state how interesting 
anomalous behavior. but at the same Lime 
the apparent differences between the two 
systems could indicate that the behavior are 
peculiarities ror each material and not 
universal t.o high-Tc superconductivity. 
Recently. a unified picture emerged rrom the 
discovery using unpolarised neutron ca LLe­
ring that also YBa2Cu:iO6.G deve lops an 
incommensurability below the resonance 
energy. where Lh r signal contains rour contri­
butions at (it±b,it) and (it.it±b) [GJ. In more 
elaborate investiga tion on YBaiCu:iOG.Hfi the 
incommensura te signal has been tracked 
down LO 35 meV I 71- Quite intere tingly and 
nove l. the incommensurate fluctuations. 



we ll-defin ed below Tc. were found to almost 
vanish in the no1·mal state. contrary Lo LSCO 
where the inco mmensurate peaks persist 
wel l above Tc. The unpolari sed data could be 
interpreted in term s of a clownwarcl disper­
sion relation conn ec ting the resonant mode 
and Lim incommensurate fluctuation s. 

In order Lo confirm th ese puzzling results. we 
have undertaken a polarized neutron sca tte­
ring study of YBa 2Cu:iOG.R:i - By separating 
t11 e magnetic and structura l (phonon ic) sca t­
terring in to respec ti vely L11e spi n fli p and the 
non spin fl ip channels. po larised neutron 
sca ttering has repeatedly demonstrated its 
power to confirm the detailed behavior of 
complex sca ttering signal. The experiment 
was performed on the thermal three axis 
spectrometer IN22 (CRG) at the ILL using 
focusing Heusler monochromator and analy­
ser to obtain a flipping ratio of 17 at a fi xed 
fin al neutron wave vec tor of 4. 1 A'. A 4 cm' 
sa mple was mounted with the rec iproca l 
spa ce directions 13.1 .01 and 10.0. 11 in the 
hori zon tal scattering plane. such that sca ns 
coulcl be performed around the ( 1.5.0.5.1. 7) 

position. 

F'igure I depicts an energy sca n at the anti­

ferromagneti c zone center ()=( 1.5.0. 5. I . 7) 

and at a background position ()=( 1.8.0.5. I. 7) 
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Figure :l: The peak local.ions as a runclion or 
energy [or respectively the unpolarised (squares ) 
anti the 1>o larised (circ lrs) neutron scatlering data. 
As clcsrribcd in the text. the observed signal may be 
conslitutcrl or a sharp signal illustrated by the solid 
line and a broad commensurate contri bution as 
sketcher! by the shaded area . 

respec tively. Scan through ( 1.5.0. 5.1.7) at 
three energies respective ly above. at and 
below the resonance energy are shown in 
J, ig. 2. wl1ich unambiguously confirm the 

incommensurate sµlitting below the resonance 
energy. while on the other hand Lile signal 

remai ns commensurate and reso lution limi­
ted at higher energi es. With th ese data at 

hancl . it is now poss ible Lo conclude several 
definitive fac ts about the spin fluctuations in 

YBa 2Cu:iOG.8:i 

I ) Below the resonance energy. an incom­
mensurate signal ex ists down to 25 
meV. below whicl1 the in tensity 

became untrac tab le. 
:!) Above the rnsonance energy the 

signa l stays commensurate and reso­
lution limited up to at least 45 meV. 

3) Above Tc (at 120 K) Lh e signal at 
40 meV almost cli sappea rs. while 
the signal at 33.5 meV i only redu­

ced by a fac tor of I B. 
4) Based on Fits with 1·esolution 

convo lutecl moclels for the sca tte­
ring. we can add that after a rapid 

clevelopment just below the reso­
nance energy. the incommensurabi­

lity sa tu ra tes arouncl 0=0.09x2rr 
(see Pig. 3). 

Figure 2: Const:.mt energy -cans th1ough O=( I .:'i.0.5. 1.7) 
as sketched in the upper right corner. wh ich also illustrates 
the FWIIM or the rcsolu lion ellipse. Three energies respect i­
vely below. at anti above the resonance are shown for 
'I'= 1.5 K (left) and the two lower energies arc also shown ror 
T= 120 K (right) . The scans have been displaced vcrlically 
and the solid li nes are gu ides lo the eye. 

It is difficult to imagine how the dis­
persion like fea ture observecl at 1.5 
K can loose its intensity at 40 meV 
but not at 33.5 meV when tempera­
ture is increased to 120 K. This 

behavior ca n more naturally be understood if 
one assumes the presence of two signals. The 
sharp dispe1•sion ol' the resonance. whose 
intensity almos t van ishes above Tc. and a 
broad commensurate signal. which is less 
energy and temperature dependent. Th ese 
signals are sketched in figure 3. which also 
shows the commensurab ility at 1. 5 K as 
extracted from fits with the resolu tion convo­
luted moclel. 

In summary. we have presented a state of the 
art polari secl inelastic neutron sca ttering 
experiment to charac terise the incommensu­
rabi li ty arouncl the resonance feature in the 
magnetic exc itation spectrum of the high-Tc 
superconductor YBa ,Cu:iOG+x- There are two 
main th eorn ti ca l approaches to describe 
thi s incommcn urabili ty. One i based on the 
formation of static or slowly fluctuating char­
ge stripes 151 and the other bui lcl s on F'ermi­
surface effec ts [8.91. We believe that thr 
se lec tion of the most probable model will be 
based on its abi lity to reprnduce the emer­
ging experimental picture of the incommen­
sura te to commen ur·a te crossover as a fun c­
tion of energy and temperature. Even if the 
magnetic flu ctuations should turn ou t not to 
be clirectly responsible the coupling mecha­
nism in high-Tc superco nductivity. it is a 
strong fingerprint of the elec tron correlations 
within the sys tem. AncJ any theory aiming to 
explain the coupling mechanism should lie 
consistent with the deta iled experimental 
picture that is currently being e Lablished for 
the magneti c exc itations spec trum. 
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Weak antiferromagnetic order of UPta 
studied under extreme conditions 
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The antiferromagnetic order of the 
heavy-fermion compound UPt:3 shows 
a remarkably small ordered moment 
of only 0.02 IJB below TN = 6 K, which 
is believed to play a crucial role in the 
unconventional superconducting 
behaviour at low temperatures 
(Tc = 0.55 K). In order to gain more 
insight in the nature of the antiferro­
magnetic order, we have performed 
low-temperature elastic neutron­
scattering measurements under 
uniaxial pressures up to 6 kbar and in 
magnetic fields up to 12 T. The 
uniaxial pressure dependence is 
found to be strongly anisotropic with 
a suppression of the ordered moment 
for pressure along the hexagonal c 
axis and a domain repopulation for 
pressure in the hexagonal plane. Both 
the size of the ordered moment and 
the domain population are however 
hardly affected by applied magnetic 
field up to 12 T along and perpendicu­
lar to the hexagonal axis. 

For the hravy-rermion superconductor Pt:i. 
ea rly elasti c neutron-sca ttering measure­
ments 111 rrvea led the onset or anLirerroma­
gnelic order below TN = G K wiL11 an 
unusually small ordered moment of m = 
0.02 Pll /(U atom). The anLiferromagneLic 
order has a propagation veclOr or 
k = ( 1/2 ,0.0) with the ordered moment along 
the propaga tion vrctor in the ba sa l plane of 
the he agona l lo c-packed crystal structure. 
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UPt3 
Q = (3/2+ q, -1/2- q, 0) 

pressure 131 showed a clirect 
rc la Lion between the size of 
the wrak orclercd moment 
and the splitting of the super­
conducting transition tempe­
ratu res l!i. Tc = 11-' - Tc. {/) 
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By applying a pressure of 3-4 
kbar. the antiferromagnelic 
order i • fu lly suppressed and 
the two superconducting 
tran sition temperatures 
merge. As a consequence. the 
weak antiferromagneLic ordr r 
i. grncrally considered lo act 
as a symmetry-breaking rielcl 
for the superconductivity. 
Recent mall-a ngle neutron­
scattering mcasuremenLs 141 
of the superconducting flux­
line lallice in an app liecl 
magnetic field along thr c 

p= 2.54 kbar 
□ T = lOK 

0 '-----~---~---~---~ 
a is demonstrated the uncon- 1 

vcnLional nature of the super­
concluclivity and uniquely 
assigned Lhe symmetry of the 
superconducting gap. 

-0.04 -0.02 0 
q 

0.02 0.04 

We sllldied the weak anlifer­
romagnctic order in UPL:1 by 
elastic neutron-sca ttering 

Figu rC' I : tagnclic liragg peak intensity of Pt3 at O = (3/2+q,- t/2.0) as 
a fu nction or q under an applied pressure of IJ = 0.37 and 2.5-l kbar for 
vile al T = 1.6 K. For comparison. th r high temperature scans ( 7' > 7'N) 
arr inrtuded. measurements uncler applied 

pressures up to G kbar (~la 
ancl ~ le) and magnetic rields up LO 12 T (~la 
and ~l e) on the colcl tr iple-axis spectrometer 
IN 14. Pyrolytic graphi te (002) planes wcrn 
used as both monocl1romator and ana lyzer 
and a beryllium l'ilt.cr was placed bcrore the 

The magneti c Bragg peaks are not resol ution 
limi tecl but show a Lorentzian broadening that 
corresponcls to a finite co rrelation length of 
the order of l;- 250-500 A. 

At low tempcratu r·es. Ul't3 shows unique 
unconventi( nal supercond ucting properties. 
The superconducting transition at 71 .. = 0.55 
K is fo llowed by a srcond superconducting 
transition at 'li, = 0.47 K. As a function of 
magnetic field ancl temperature. an exotic 
supr rconducling phase diagram 121 is obser­
ved with three different superconducting 
phases Lhat meet al a tetracritical point. 
Combined elas tic neutron-sca ttering and spe­
cific-hea t mrasuremcnts uncler hydrosta tic 

sample. 

The uniaxial stress was appli ecl with a 
hydrau lic press via a stain less stee l rod and 
a knee- joint placed at low temperature to lhr 
faces of the sample. This system designed by 
the pressure group of the ILL allows fOI' 
changing the pressure without hea ling the 
pressure cell. The magnetic field was applied 
by the 12 T vertica l cryomagnct from the CEA 
Grenoble. 
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Figure 2: Relal ilC' integrated intrnsit)1 or the magnetic Bragg pra~s at Q = (:l/2.-1 /2.0) and 
O = (0 . 1n.21 as a [unction or the appl il'cl lll'('Ssul'C' ror pJJ c and Pila. l'C'sprctill'I). The clat.J 
1)(Ji nts ror PIia (solid s4uarcs) anrl pile (solid elrt'll's) ,ll't' normalised to the c·xtra1iolatcrl 
z1·111-1m.'ssurc 1alur and com1iart'ci 11ith the ea rlier measurements undrr hydrostatic pl'C'S· 
SUI'<' (open circles) 131. 

Figul'(' 3: Rclati\e integrated int!'nSit) or the magnetic 
Bragg pea~ as a [unction or applied magnetic fields up to 
12 T (BIia and I.IJlc) . The mrasur!'d data points (solid 
spheres) arr normalised to th <' zrro-fi cld 1alue and com­
pared with ea rli er 1011-field measurc·mcnts (open 
squal'(' )IGI . 

In Fig. I. sca ns lhrough L11r magnetic Bragg 
pea k al O = (:l/2.- 1/2.0) along k = ( 1/2.-
1/2 .0) ;.ire sho\\'n l'or appliccl pressures along 
Ll1r c a,is of 11 = 0.37 and 2.54 khar in an li­
frrrom agnelic sla te ( '/' > '/\ ) ancl L11 r para­
magnrlic state ('f'> 7\ ). nclr r a prcssur!' of 
2.!i4 kl>ar the Bragg prak inLensity. \\hich i. 
proportional to the square of the orderc'li 
moment. is strongly uppressecl. 

Thr relative pressure clC'pcnclence of thr irll t'­
graLccl int cn, ily of the magnetic Bragg peak 
is shown in Fig. 2 for PIia and /~le l !i l. !•'o r· 
applied pre , ur·t• s along thr c ax is t11 r 
magnetic Bragg I cak intensity shows a non­
linea r decrea : e for increas ing pressur!' . 
while for app liecl pressures along the a ax is a 
significa nt non-linea r increase in the rr lative 
inLegra tC'<I intcnsiL is observed. The uniax ial 
pres urc clepcnclcnce for PIi e strong ly 
resembles the clala from earlier elas tic neu­
Lron- -ca ttering mcasurcmrnts unc!C' r hydro­
static pressure 1:~1 as shown in Fig. 2. TIH' 
strong increase in Bragg peak intensity 
obse rw li for /~la therefore suggests a repo-

pulation of the three k domains ,, ith a 
consLanL moment. These results ar·e in goocl 
agrrcmenl ll'iLh specific heal mc·asurements 
under uniaxial pre sure 1511\hich show thaL 
Lhr splitting in 'lr· decreases for' pile and is 
cons tanL for /~la. This confirms Lhr existence 
of a direct relation brL\\'cen thC' size of the 
orclrml moment and the splilling of Lhe 
supcrco nclucling Lran. ilion tempera tures 
T('+ a nll 7'c •. 

Similar scan' a· shown in l<' ig. I have been 
per'l'or·mc(I in magnetic fields up to 12 T for 
/~la ancl B\lc [6 I. The re la live integraLed 
intensity of Lile antifcrromagnctic I3rngg 
peaks is shown in Pig. 3. The obse rved field 
clepenclence closely corresponds to ea rlier 
low- fi eld measurements and is very weak in 
magnetic fie lcls up Lo 12 T. F'or BIia no signi­
fi cant clomain rr populalion is ohserwd. 
Aclcliliona l Lempcratu rc-clepenclenL measure­
ment s of Lhe an tiferromagnelic Bragg peak 
intensity have shown that the ordering tem­
perature of 7\ = 61..: is inscnsiti \'C' to applied 
pressures up Lo 6 kbar and magnelic fie ld 

up to 12 T. In com lJination with thr finil l' cor­
relation lcnglh of!; - 2!i0-!i00 i\. thi s sup­
pol'l s a scenario of slowly flu ctuating 
momC'nls \\'hich appear static on the Lime 
sca le of co lcl neutrons. 
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~ ~ magnetism 

Unconventional superconductivity 
and the flux-line lattice 

A. HUXLE Y, P. RODI ERE, J. FLOUQUET 
(CEA-GRENOBLE ) 

D. MCK. PAUL ( UNIVERSITY OF WARWICK ) 

N. VAN DIJK ( OUT, DELFT ) 

R. CUBITT ( ILL) 

When a magnetic field is applied to a 
superconductor the magnetic field 
can penetrate as an array of flux lines. 
These lines are often ordered to form 
a lattice, the orientation and geometry 
of which reflects the anisotropy of the 
underlying interactions between the 
lines. Our experiments show that 
these interactions can be strongly 
modified in an unconventional super­
conductor, which in the case of UPt:3 
gives rise to preferred orientations of 
the flux-line lattice. The unusual lat­
tice orientations we observe in the 
superconducting A-phase help identi­
fy a particular symmetry for the 
unconventional superconductivity in 
this enigmatic material. 

In a superconducLOr the phases of individual 
electron wave functions become locked LOge­
ther. This rigidity underlies the friction less 
passage of currents synonymous with a com­
plete lo s of electrical resistivity. Although a 
magn tic field induces angu lar momentum 
into the elec tron fluid. the pha se rigidity can 
be conserved if the resulting motion is quan­
tized and Llic magnetic field is bunched to 
thread the sa mple a an array of flux lines. 
In genera l. repulsive forces between the flux 
lines favour the formation of a hexagonal 
flux- line lattice (PLL) to maxim ise the sepa­
ration between the lines. However the scree­
ning currents urrounding an isolated flux 
line need not be exactly cylindrica l. and this 
can lead Lo deviation from this geometry and 
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a preferred orientation of the F'LL. Even in a 
conventional superconductor small deviations 
from perfectly cylindri ·a l screening currents 
can occur due to the anisotropy of the under­
I ing fermi-surface. Por a field applied along 
a four fold axi lhi ani otropy can lead Lo 
deformed he agonal lattices and change of 
lhr ir alignment [I]. llowever for the spec ial 
case we will consider \ hen the field is 
applied along a hexagonal crystal direction 
thr fermi-surface re-enforces the hexagonal 
structure \ ith a preferred orientation. 
Another potential source of ani soLt·opy in the 
screening currents comes from Lhr angular 
dependence of the supcrconducting gap. Th is 
effec t is expected to bt· particularly signifi­
cant for an unconventiona l superconductor 
whr re the locking of Lile electron phases has 

2 .5 

extended defects can loca lly perturb the 
orientation of the lattice (F'LL) . This effect 
can however be substantially reducecl if all 
the flux lines are made Lo move. since the 
defect potentials seen by the moving flux 
lin f's arP then averaged out. 
The mea urements we report have been 
made on one of the best known heavy-fer­
m ion uperconductors. Pt3. Since the 
magnetic contrast from lhe F'LL that gives 
ri ·e to neutron scattering is inversply pro­
portional LO the square of the electronic mass 
enhancement. the diffracted signal from the 
FLL in UPL3 is very weak. It is then essential 
to have a combination of a high neutron fl ux. 
highly stable apparatus and a high qual ity 
crysta l to detect the sca ttering. I lowcvcr the 
superconductivity in UPt:i is highly unusual. 

normal phase 
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Figure I : Tlw low tcmperaturr pha ·e diagram or l1Pt3. Three different superconducting 1i hascs exist as 
a fun('lion or temperature and ncld denoted by A. B and C. The geometric fi gures show schematica lly the ga1J 
structu re in each phase, rc lal.ivr to the hexagonal cry ·ta t axis depicted by the frames. 

an angular dependence. In real materials it is 
also important Lo consider Lile complica ting 
effect of cry La l defect . F'lux line trapped in 

The distinguishing fea ture is LhaL the 
superconducting gap and not just the phase 
of the order parameter is believed LO have a 
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Figure :l : The image or the small angle scauering rrom a llux-line lattice grown at Tc (nclcl coo lrcl) . The image. 
measured on D22 represents integratccl cliffractccl in tensities as in fi gure 2. The rangr or rocking anglrs over 
which the spots were il luminated is however much large r in this case. The FLL is alignecl to extenclccl metallur­
gical clcfccts which themselves give rise to small-angle sca uering that was measured on D 11 ancl is shown in 
panel II. 

lower ro tational symmetry than the crys tal 
structure (see F'ig. 1) ancl rurther. thi s 
symm etry changes with fi eld and 
temperature. defining th ree distinct super­
conducting phases denoted A,B ancl C. 
We have used D22 to meas ure th e 
orientation ancl geometry of the l•'LL with a 
magneti c Fi eld along the hexagonal crystal 
axis For an appliecl Field or 0.2 Tes la to 
explore any evolution in the F'LL between the 
B ancl A superconclucting phases 121. As the 
temperatu ,·e at which the FLL was formecl 
was increased. we obse rved a change From 
an hexagonal lc:t lli ce aligned along crysw l 
symmetry direc tions. Lo two equally popula­
ted clomain s or approx imately hexagonal 

lattices aligned at + 15° ancl - 15° to the 
symmetry axes (see Fig. 2). Th ese new 
alignments were slablc over a ra nge or For­
mation temperatures that span the A-phase. 
The natura l explanation For the appearance 
or t11 csc new orientations is that they refl ec t 
the underlying symmetry or the superconduc­
ting gap. In the B-phase the ga p appea rs 
isotropic about the hexagonal axis and the 
clirFraction spots are alignecl with the di rec­
tions or maximum projec tecl Fermi-ve loc ity. 
As the A-pha se is approachecl however Lt1e 
ga p becomes highly ani sotropic about the 
hexagonal axis ancl t11 e cli!Trac tion spots align 
with thr direc tions or the maximum ga p. The 
observed alignment Uirrefore poin ts to a 

maximum ga p in thr A- phase pointing along 
dirr Lions in lletween the symmetry axis of 
the crysta l structure. The poss iblr gap 
symmetries have previously been class ified 
by symm etry analys is ancl on ly two 
poss ibili ties appea r compatib le with the 
above observa tion. one or which can be 
eliminated by other measurements. 

The above experiment th us provicl cs 
ev idence in ravo ur or a parti cular ga p 
symmetry shown in Fig. 1. Finally if the 
lattice is Formccl at. Tc IJy cooling in a constant 
Fielcl we observe a third FLL orientation that 
is aligned with ex tenclc rl crys tal clefect,s (Fig. 
3) . In thi s case the Flu x latt icr shows 
considerable longitudinal cl isorcler. charac te­
ri sed by widr ,·ocking curves compared to 
Uie resolution limited curves rccorclecl in the 
other two cases. 
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Dynamics of an itinerant magnet 
with orbital moments 

A. HIESS ( ILL) 

N. BERNHOEFT ( CEA-GRENOBLE ) 

S. COAD 
( ILL AND INST. TRANSURANIUM ELEMENTS, 
KARLSRUHE) 

G.H. LANDER 
( INST. TRANSURANIUM ELEMENTS, 
KARLSRUHE ) 

L. PAOLASINI ( ESRF) 

0 . KACZOROWSKI , A. CZOPNIK, R. TROC 
( W. TRZEBIATOWSKI INSTITUTE, WROCLAW ) 

UGa3, which has the simple cubic 
AuCu3 structure and orders at 
TNeel = 67 K, is an itinerant 5/ antifer­
romagnet with an orbital moment. We 
have examined the dynamical magne­
tic response with single crystals on 
both INS and IN14. Two interesting 
features are present. First, there are 
two parts to this response, one qua­
sielastic and the other inelastic. 
Second, all the scattering is localised 
around the magnetic zone centre. The 
implications for our understanding of 
the magnetic response of itinerant 
/ electrons are discussed. 

The ·hallenge Lo undcrsLand the magnetic 
xcitaLion spe ·tra in acLin ide materials 

arise incr Lhe dominant 5f states are 
considerably extended in real spa ce and 
hybridise strongly wiLh band levels involving 
both on ilr and neighbouring ligand wave­
runcLions. In addition LO their hybrid nature 
Lhe 5f tale experience strong pin-orbit 
coupling leading to ani otropic re pon e 
runclion and Lhe possibility or a sign ificant 
orbital moment. One manner to handle the e 
complexilics is to make a conceptual epara­
tion or Lhe fast and slow degrees or freedom 
or Lhe 5f level whilst recognising Lhal Lhe 
measured cross section i • the Lot.al response 
function or the e Lwo interac ting field . In 
general. Lhe ra l. high frequency aspect may 
be a sociaLecl with a propagating component 
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Figure I : 1)1Jical constanl-E scan with energy transl'cr or 
1-1 me\. Data taken al T = 18 K with INS. The two shoulders 
represent a I1I'0pagaling mode symmetric about Oo. Thi 
mode becomes difficult to observe above - 16 me\'. The solid 
lines are Gaussian fits lo the data. The Q-wicllh (F\VI l~I) or 
the ( I I I) nuclear rcneclion is mar~ed as black hars. 

whil l the slow, low frequency part has the 
characterisLics or an ovcrdampecl mode f I . 21. 
UGa:i is a prototypica l example or Lhis class or 
mater ials for which Lhe results or bulk 
thcrmoclynamic 131 ancl microsco pic cle Haas 
van Alphen 14 I experiments yielcl unambi­
guous eviclen cc for the itinerant nature or the 
5f electron sla tes. We have ex tenclecl th ese 
i nvestiga lions by ncu tron spectroscopic 
sluclies wh ich give us cletai led information on 
the dynamica l magnetic response spectrum. 
Initial experiments were performecl with 
ingle cry Lais on the therma l trip le-ax is 

spectrometer IT 1 at LLB. Sa clay. and were 
then continued on IN8 at ILL. Grenoble. These 
experiments. reported in Pig. 1 and 2. 
establishecl an inela lie re ·pon e at low 
temperature in the anliferromagnetic pha e 
around Lhe magnetic zone centre. Oo =G+~). 
with a gap or about 5 meV. lntere tingly thi s 
spin wave like exc itation propagates onl over 
a limited part (-25%) or Lhc Brillouin zone in 
any or the high symmetry directions before 
the intensity dies away: previously. in ferro­
magnetic meta ls similar effect have been 
attributed to Landau damping on approach ing 
the SLOner con tinuum 15]. 
To explore Lile slO\\ . Fermi liquid like contri-

bution anlicipaLed from the 5f tales 
we have extended our investigations 
wil11 the cold-source triple axis spectro­
meter IN 14. 
At lo~ frequencies. within the spin 
wave gap. we have been able to characte­
ri ea re ponse arouncl Oo. Vigure 3(a) 

gives the thermal evolution or the spec­
tra and 3(b) the wavr ec tor depenclcn­
ce at 15 K. the solid lines have been cal­
culatccl on the ba is or a phenomenolo­
gica l model clevelopecl previously 121. 
This con •ists or two modes. one slow 
ancl overdamped. Lhe other having a 
pole at finite frequency with the inlrr­
aclion between the two components 
being taken into accoun t in a mran-fielll 
approximation to yield the mea urrcl 
cross section. As with the inelastic 
scattering the quasiclastic contribution 

clies rapiclly a· C/ increases from ll1e zone 
centre. this i evidencecl hy the dccrrasc in 
int ensity arou nd L\ I•: = 0 in 
l•' ig. 3(/J). II' onr takes l11 c low 1'1·cqucncy 
spec tral weigh t Lo be associatecl with th C' 
propaga tion or quasipartic les at the Fermi 

UGa3 - INS 
15 

10 

T= 18K 

0 0.05 0.1 0.15 
I q I (r.l.u) 

Flgui 2: Peak positions ( drducrd from Gaussian 
l'll s. see Fig. I} versus lr,I away from the 
magnetic zone centre Oo = (½++)derived rrom 
con Lant-I•: icans in all three liigh-symm!'lry 
directions. Data taken at T = 1B K with 11\8. The 
·olid line Is a guide to the eye. 
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Th!' solid lines ai,, lits Lo thr interarling t110 com­
ponrnt model as described in Lhr te\l. and more 
full\ in Ref. 121.(Data taken II ilh I\ H ). 

·urfac<'. thr topology or onr parliclc ca lcula­
tions l-1 I suggl'sts a clominant contribution of 
tatcs dcri\ eel from the «rugby ball• part of 

th<' 1-'C'rmi surface- the trong cur\'ature 
implying a sma ll amplituclr for 1011-cnerg 
e\ci1a1ions ha1 ing 11a1e vector ubstantial­
ly <liffer<'nl rrom Qo. F'urllier cletailrcl nume-

' rical ana ly. i. is required lo confirm thi 
con jl'Ct u re. 

Figure 4 gives a colour contour map of the 
tcmperatur ancl c·nergy clepenclence at Oo. 
This plot cmpha. i. cs the merging. for 
T > 3S "-. of the fa . t ancl slO\ contributions 
to thr tota l rC'spon , <'. Thr cnerg gap a o­
cia lC'd with the' propagating part of the 
rC's pon s<'. 1 hich in part may arise from Lhe 
spi n-orilil intrraction. rlrcrcases tog thrr 
with the stagge red spin polarisation on 
approa hing 'f'Nfrl (67 I\). In conlrasL. the 
strong quasiclastic co rr<'lalions in the dyna­
mic magnclir response arounrl Oo persist up 
LO al !Past 2'1\fr1. 
In cm1cl uding II e notr that. 11 hilst a se lr-

consistent RPA IGI is ab le to provide' a 
rramework for unclerstan<ling l11c· an tifrrrn­
magn<·tic response of ilinnant 3d com­
pounds. a. recently cli ·cussed lioth in the 
lanthanum cupraH·s arnl \ ',O.i I 71. it is insuf­
fici<'nl for th interpretation of lh<' morr 
complP\ jj prctra t'\ idencrrl in this 11ork. 
Onr major feature of the 11 ork on UGa:1 
reported here is to demonstrate unambi­
guously the prcsrnc!' of a t110 component 
lirwshapr in llw anlifr 1Tomagnctic phase. 
The co11p led rnodl' phenomenology used in 
our ana lysis is a lkxihlr genrralisation of the 
theory of the \rcl stHtc and find: support in 
more formal throri,·s Ila eel on. fur example. 
the functional intPgral decoupling of fast and 
slow quasiparticl!' c·xcitalions 111. \\c hope 
that these re ults 11 ill •timulau· nc11 acli1 ily 
on the mag11Ptic response of rnC'tal. in the 
prcsl'nce of a large spin-orhil internet ion. 
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Spin excitations in a magnetic superlattice: 
the first inelastic neutron scattering measurements 

A. SCHRE YER 
( RUHR-UNIV. BOCHUM AND ILL) 
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C.F. MAJKRZAK, R.W. ERWIN, S. H. LEE 
( NIST ) 

M. HONG, R. KWO 

( BELL LABORATORIES, MU RRAY HILL) 

The observation of magnetic excita­
tions in artificial systems with inelas­
tic neutron scattering methods repre­
sents a major challenge owing to the 
weak scattered signals. In this report 
we present measurements of spin 
waves in a Dy/Y superlattice using 
inelastic neutron scattering. The 
ingredients of our success have been 
the growth of a sample with a large 
number of layers and a large magne­
tic moment and the use of modern 
high flux neutron instrumentation. Our 
data indicates a folding of the 
Brillouin zone due to the superlattice 
periodicity. 

Up to no,, . information on magnr tic exc ita­
tions in magnelic thin films and supcrlaLLi crs 
has come from inelaslic light scau ring 
(Bril louin scattering. BS) [1 .21 ancl ferroma­
gnetic resonance (FMR) experiment · 131. 
FMR can probe spin waves at the centre of 
the Brillouin zone (BZ) . and at magnon wave 
vector Q inver ely proportional to the film 
thickne s. With Brillouin sca tt ring. wave 
vectors on Lil e order of the wave vector of 
light are accessible. i.e. al o clo e to the BZ 
centre. Thu . it has not been possible to 
determine the dispersion of spin wave in 
magnelic thin film sy Lem in the whole BZ. 
With inelastic neutron scattering (I S). on 
the other hand. the dispersion of spin wave 
in much larger porlion of the BZ is in prin­
ciple accessible. Sma ller wavel ngth (higher 
0 ) spin waves on the order of the superlattice 
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Figure I: DifTc rrnrc ofinrlastic constant O scan at T = 75 K and 10 I\ with nur(1 Gaussians. The projerliun onLo 
the O·E Iilanr )lr lds the disprrsion rune. O is paral lel lo the Di r -axls and the superlatlicc growth direction. 

periodicity would become access ible which 
can be dominated by Lhr magnetic exchange 
coupling bet\\ ren the magnelic layer ·. Thus. 
I S would open up the opportunit to tudy 
the d namic hehaviour and thr exchange cou­
pling in magnNic superlattice • in more detail 
than was pos iblc o far. 
Thin film sample made from Rare Earth 
materials arr the primC' ca ndidates for a 
study of magneIic cxcitalions with inelaslic 
neutron scaucring. sincC' the Rare E:arths 
exh ibit the larges t magnetic moments of all 
elements. causing the largest pas ib le cross­
section for magnetic neutron cauering. Rare 
eanh superlatlices have been studied inten­
sely over the last decadr u ing elasI ic neu­
tron sca ttering to determine their magnetic 
structures [ 4 I. 
The inelastic measuremems were performed 
on a superlattice of the layer sequence 
Y~oo, [Dy43,1/Y28 ]35o/Y2:140,V b2000,VAl20 3(S 
ubstrate). which wa grown by MBE methods 
151 along the c-axis of the hep structure of Dy 
and Y. The amount of Dy in the sample was 
max imised by growing 350 bilayers and using 

a ralh('r large~ 2.5 • 1. 25 cm' substratr. 
Ncvrrthele s. the Dy in the sample amounts 
to onl I O mg. Brlow its bulk eel tempera­
ture of 179 K. Dy rxhibit a helica l pha ·e 
along the D c-axis which tran forms in to a 
f rromagnetic structure below 89 K. In Dy/Y 
uperlattices a coherent helica l pha e occurs 

which extends over many bilayer , hcreas 
the ferromagneti c pha se is suppressed clue 
10 magnetoelasti c effects 16]. The coherr nL 
hel ical phase is mediated by the diamagnelic 
Y interlayers via RKKY exchange coupling. 
Elastic neutron scattering experiments have 
confirmed that the present Dy/Y sample exhi­
bit the same long-range helical order obs r­
ved previously. 
Aftr r initial work aL the NIST Center for 

eutron Re carch on the cold neutron spec­
trometer G-5 the measurement were 
conlinued at ILL on I 14 and INl 2. The 
inelasti c scans were performed at 75 K 
where the Bo e fac tor increases the pin­
wave igna l to a suffic ient level Lhat it may be 
measured 17]. l~quivalent scans at 1 K. 
where Lh e inelas lic scattering i much wea-
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with the data or bu lk Dy 

I 9 j shows that thr di s­
persion curve oliserved 

here is essentially 
consistent with the bulk 

curve. In bulk the 

Brillouin zone is dclr r­

mincd by the period icity 

or the lattice. i.e. by thr 

l'igure 3: High resolution sca n along thr dashed line or Fig. 2 yielding the two 
expected peaks. 

lattice con stant ao. 

However. an additional 
period is present in a 

measure or the spin-wave cross section. 
In Pig. 1 the difference between a few 75 K 
and 10 K data set is plotted together with 
Gaussian fits and the pro jections of the peaks 
onto the Q-I and Q-£ planes 18] . 

We find a spin-wave excitation. which is well­

loca lised in energy. The resulting dispersion 

curve is shown in the Q-£ plane. I Ls ex trapo­

lation LO higher Q yields an elas ti c peak at 

Ohcli = 1.97 A I as its origin . This pea k is 
caused by the helica l long-range magnetic 

order in the supcrlaUicc which propaga tes 

super la llice a long the 

growth axis. Th is superlallice period L. which 

is the sum or the individual Dy and Y layer 

thicknesses. is expected LO induce a fold ing or 

the Brillouin zone like in the case or phonons 

in superlaLLices I 1 O] or graphite interca lated 

compounds 111 ]. Th is effect is visualised 
schematica lly in F'ig. 2. The superlaUice per­

iod II. causes sa tellite peaks in the elas tic 
scaLLering (at E = 0) at positions q = ±n 

2rr/ll. (n = 1,2.3 ... ) around the helimagnctic 

peak at Oheli (i.e. q = 0). In principle. each or 
these sa telli te peaks is the sou rce or a dis­

persion curve. which. consistent with lhe 

experimr nt. W<' have assumed Lo be bul k- like 
in Fig. 2. Tlw resul ting folded Brillouin zone 

(FBZ) is only 2rr//\. wiclc in q (instead or 2rr/ao 

in bu lk) and conta ins all the information 

about the dispers ion curve. The obvious 
question al thi s poi nt is if' we can see a ·ign 
or this rolcli ng errrc t with neutrons. ,.,or 

example. instr ad or a single peak. wr would 

expec l a series of equidistant praks in an 

r nergy scan al fixed q = n 2rr//\. . Such a 
sca n at q = -2rr//\. pcrform rcl with a higher 

instrumr mal rrsolulion on I 114 compared Lo 

thr ones or Fig. I is shown in 11ig. :3. 'l\vo 

praks aI'e now clea rly visib le. Thr r nr rgie 
roughly correspond lo those wl1i ·h we expect 

assuming bulk-like dispersion curves (sec Fig. 2). 
In conclusion these results demonstra te the 
feasibi lity or inr laslic neutron sca ttering stu­
rli<'S on spin waves in a rare earth supr rlal­
lirr for the first lime. \Ve find a bulk-likr dis­
prrsion curve and clear evidence of Brillouin 
zonr folding r ffrc ts. These results may open 
up a nr w field or research for inelastic neu­
tron scaurr ing proYiding access to much 
wicl1' r rrgions or the 13 rillouin zone or magne­
tic superlaLticr struclures than weI'e acccs­
siblr with othr r melhods so far. Deta ils and 
additional rcsul1.s will be published shorUy 1121. 
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Magnetic solitons 
in CuB204 

M. BOHM 
( ILL AND LNS, ETHZ & PS I , V ILLIGEN ) 
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B. ROESS LI , J. SCH EFER 
( LNS, ETHZ & PSI, V ILLIGEN ) 

U. STAUB (SWISS LIGHT SOURCE, PSI, VILLIGEN) 

G. PETRAKOVSKI I 

( INSTITUTE OF PH YSICS, KRASNOYARSK) 

Elastic and inelastic neutron scatte­
ring measurements on single crystal 
have been performed to investigate 
the magnetic ground-state of copper 
metaborate CuB2O4. 
The compound exhibits a second 
order phase transition from a parama­
gnetic to a commensurate antiferro­
magnetic phase (CP) with k = 0, followed 
by another second order transition to 
an incommensurate one (ICP) at 
T*=10K. The association of the 
Dzyaloshinskii-Moriya(DM)- interac­
tion, lattice symmetry and tetragonal 
anisotropy leads to the formation of a 
magnetic soliton lattice. 

MagneLostalic measu rements such as spec i­
fic hea t ancl susceptil)ility have rcvca lPd two 
pha es transitions in CuB20.1 at 'l\=2 1 K ancl 
1'*= I OK. The magnetisa tion data show a very 
weak rerromagnetic component in Lhc basa l 
plane [ I ]. CuB20s crysta lli ses in space group 
142d (Dl-5) . Th e chemi ca l contain s 12 
formula units. The Cu2

• ions occupy two non­
equivalent sites namely Cu(A) at 4b site 
(loca l ymmctry) ancl Cu(B) at 8cl site (loca l 
sym metry 4) [2] . The neutron cliffraction on 
single crys tal measurements were cal'l' iecl 
out using the four-circle diffrac tomrter DI 0 
with A.=2.361\. Below TN =21 K. the inl cnsity 
of some nuclea r Bragg peaks and specially 
the forbidden renec lions ( 110) and (0 O 2) 
increase with clecrcasing the tcmperatur·e. 
which indicates that CuB:,04 ordr r·s anlifcr-
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Figlll'(' I: i\nl ifcrromagnr lir Sll'U('(Ul1' or Cu ll i 04 in lhe COl111TI('ll8 lll'ii l l' phase. 

r·omagnetica lly with a propaga tion veclor k=D. 
T11 c· magnclic stru cture for th is co rn 
mcnsuratc phase was determined with Ll1 e 
help or group theory. The relevant irrr ducible 
rr pr·cscntations of the magnetic structure 

(k=O) arc those or the point group 42n. There 
arc l'ivt' ir-reducible representations. Four· or 
them arc one-dimensional (r1. r 2. r :1. r 1) 

ancl one labelled r :; is two-dimensional. The 
reduction of Lil e induction representation 

Figure 2: Thermal rlrpendenre of th r (0 O 2) l'('ncclion ancl the corr'Cspuncling satellites. 
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thermal dependence or the O O 2 
rr fl ec tiun and the co ITe ponding 
sa telli l<' '. The refinement of the neu­
l ron data shows that the magn<' tic 
structure or CuH20-1 he low T*= I OK 
consist of an hr li >. ,, ith a conswnt 
amplitudr and ph ase shifts between 
different spins in the unit cell. Al the 
incommensurate-commC' nsura te tra n­
sition. the propaga tion vector k (T) 

the free enr rgy. the spins acquire a phase 
dependence cp(z) or the heli;,, "hich is gi,en 
by a solution of Lile non-linea r sine-Gordon 
differential-equation [G]. The solution or this 
equation describe a situation where the 
phase of the spins along z wi ll lay almost 
con tanl over a gi, en length I. hut changes 
abruptly over a short period s (Fig. 3). 
Changing the temperature change the ani-

Figuf'{' 3: E1olulion of thr spin arrangement in a snliton latti r r . 

goe smooth ly Lo ze ro. The transition 
is of second order. Therefore it is not 
li ke ly llia l competing interac tions are 
at the origin of the IH·lica l slructurr. In 
such case a first order phase Lransi-

otropy tr rm. which cau es on the other 
hand an increase or I.. Close Lo tllf' phase 
transition T* . the magnetic tructure can be 
represented as a peri od ic tructure or 
domains which arr separated by domain 
walls or equi\'alently soli tons [5 ]. In uch a 
case. higher order harmonics are expected LO 
be· obse,w d in neutron diffrac tion pattern al 
positions (n± I )k. (2n± I )k ..... where n gives 
the order or anisotropy [5]. Fig. 4 shows a 
sca n along the crys tallographic c* -ax is 

giVPs r -1 11 = r :1 + f 4 +2 r :; and r nd = r 1 + 
2r :l +r :; +2r 1+ 3r :; ror Cu at site 4b and 
8d respectively. The magnetic modc·s or r :i 
and r -1 or the 41J site COIT('SPOnd LO a colli­
nPa r rerromagnetic ancl anlirerromagnelic 
ordering along the z-ax is rc•sprcti ve ly. The 
modes assoc iated will1 r :, describe a 90° 
configura tion in the basa l plane. Similar 
1mignr tic modes ror 8d sill' can !Jc• dcducecl. 
A se t or 25 purr· magnC'L ie rPflections wa s 
usecl in llw refi nement at T= I 21--:. Tl1r magne­
tic structure. which i • obtained rrom Lllf'S<' 
ca lculaIions. ca n l>c clrsc ri bed as a non-co lli ­
near arrangement of l1ot11 the Cu(A) and 
Cu(B) spins along the diagonals of the tc·tra­
gonal plarn· (Fig. I ). The va lue of thr magne­
ti · moment.is - 1µ13 for the Cu(/\) with a 
small component along the c-axis µ=0.25µ13 . 
The Cu(B) spins arr co11 fi 11 ecl wil11in t,he all­
plane and have a small magnetic moment. 
µ-0. 25µ13. The magnetic moments do not 
compensate and thc1·ernrc· a small sponta­
nc·ous fC' rrnmagnNic component ari ses in the 
basa l plane. 

The magnet.ic structuI'e lwlongs to two di1Te­
I·ent i1•1·educiblc representations r :i and r :i . 
the spin llamiltonian descri bing the sys tem 
shou ld be higher than order two [3]. On the 
other hand. the transition at TN being econd 
orcler. the transition temperature should be 
considered as a bicritical point [41. 

Below T* . new magnetic sa telli tes appeaI' at 
symmetri al points with respect to the 
commen ' urate rec iproca l lattice points. The 
corresponding propaga tion vector is 
k=(0.0.0. I 5) al 'I'= I.SK. This indica te that 
L11r magnetic structure becomes incommen­
suratr along the c-axis. Fig. 2 shows the 

lion and a jump in the wave vec tor is 
produced f 51. 
On LIH' basis of thr Landau th eory or phase 
transitions Dzya loshinskii showed that 
inco mmensurate structures can arise due to 

T=9.40 K 
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centre ( 11 0) at T=9.5K. As 
the anisotropy in the basa l 
plane is or the order of 4 [ 11. 
higher harmonics appea r at 
lhe pos itions 3k. 5k ... The 
so lilon lattice is further 
confirmed by the appearan­
ce of considerable diffuse 
sca ttering nrar the central 
peaks in agreement with the 
calculation or lzyumov [5]. 
The inten ily or the cliffuse 
sca ttering increases with 
increasing tempera tu re ancl 

( 1.1.q) ( r .1. u.) 

Figu1, · -l : Nrulmn claslic scan along Lhr I t I qi direction at T=9 . .J K sho­
wing Lile 1i resenrC' or higher order harmonics in acldilion to the pri ncipal 
magnr lie sa tellites. exhibits a criti ca l divergen­

ce close to T* . in accordance with 
the observation of susceptibili ty and specific 
hea t peaks at thi s temperature [1 1. 

Lil e Dzyalloshinskii-Moriya (DM) inte raction 
in chemical structures belonging Lo the follo­
wing elrven point groups: D, . D, r1. C311 . D:i. 
D:i11. S4. lk Do. T. T!I . 0 f 6I. Symmetry ana­
lys is of the chemica l stru ctu re of Cu13204 
shows that the OM-interac tion is allowed 
between two Cu(A)- nea rest-neighbour spins. 
with a OM-vec tor parallel Lo the te t.ragonal c­
axes. The role of this in terac tion in fo rming 
the magnetic ground sta te in copper metallo­
rate is conFi rm ecl by the 90° configuration of 
Uie magnetic moments in the commen ·urate 
phase as the DM- interaction favou rs a non­
collinear spin arrangement. According Lo 
Dzya lloshinski i"s theory the presence or an 
add itional crys tal aniso tropy distorts the 
regular helica l arrangement of the spins 
along the helical axis. In order to minimise 
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Clusters or 'combed hair' 
in Fe-Zr metallic glasses? 

A. R. WILDES ( ILL) 

N. COWLAM (UNIVERSITY OF SHEFFIELD) 

S. AL- HENITI ( ILL AND UNIVERSITY OF 

SHEFFIELD ) 

Iron, with a small percentage of impu­
rity, may be quench-cooled into an 
amorphous, or 'glassy', state. While 
these materials have been extensively 
researched - indeed, they are used for 
a wide variety of commercial purposes 
today - their magnetic properties are 
still not fully understood. Many 
models have been proposed to 
explain the behaviour of these mate­
rials, including magnetic cluster and 
wandering axis models. We have 
applied the techniques of polarised 
neutron scattering to measure the 
ferromagnetic structure of Fe-Zr, an 
example of a metallic glass, and are 
able to determine which of the many 
proposed models is closest to the truth. 

F'erromagnetic materials that read ily align 
with an externally applied magnetic field - so­
ca lled ·sort· magnets - have a wide variety or 
applications. rrom magnetic recording heads 
to transform er for power grid . lron-ba ed 
metallic glasses are extremely sort and are 
currently comm rcially produced in large 
quantitie to atisfy the demand for the e 
important material . They are co mmonly 
made by pouring a liquid melt of the consti­
tuents onto a cooled. spinning wheel. The 
melt is quench-cooled and nies orr the wheel 
in the rorm or a ribbon. The atoms in the rib­
bon have no long-range order and t11ererore 
the atomic tructure is amorphous. 
Beside being commercially important. these 
metallic glas e provide a test bed ror the 
under Landing or magnetism. An amorphous 
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tructure is rree or cry ta l symmetry. invali­
clating many approximations. and i subject to 
magnetic rru stra lion and short-range order. 
As a result. many meta ll ic glasses show 
anomalou magnetic behaviou r. frrquently 
interpreted a be ing due Lo ·non-collinear' fer­
romagnetism. Such structures may Lakr many 
rorms. and Lhr exact nature or the rerromag­
netic ·tructure of meta ll ic gla • es is sti ll 
being debated. Postu lated examples arc 
shm n in Fig. I. 

collinear components or the moments. One 
model propo es that the sample has within it 
regions. or ·cIu ters·. All the moments in each 
cluster are rerromagnetically aligned. but at 
an angle to the collinear direction . as shown 
in Fig. I (c) [3.4 J. In an alternative model. 
shown in F'ig I (cl). the moments are rerromag­
netically aligned. but the axis nuctua tes 
around the mean collinea r direction. This 
type or model is ca lled a ·wandering axis· or 
·combed hair" model J 1 ]. 

Figu re I : Previous! proposed models ror the J'crromagnetic structure of metallic gla ses. I (a) shows a collinear 
rcrromagnel. I (b) shows a structure where the moment arc randomly oriented on a cone. I (c) shows a ·canted 
duster' mod I. The moments in certain region arc rerromagnelica lly aligned. but the loca l a\is i inclined with 
re peel Lo the mean rcrromagnclic direction. I (d) shows a ·combed hair' model. where thr moments arc rrrro­
magnelica lly couplr d, but the axis wandrrs about the mean direction. 

Figure I {a) shows a conventional co llinear 
ferromagnet. the magnetic moments all co lli­
near with a common direction. Of the propo­
secl non-collinear models. t11r implcst has 
the moments ranclomly oriented on a cone, as 
shown in Fig. I (b) J I . 2]. More complica tecl 
models involl'c correlations hrtween the non-

All or these model have been usccl to describe 
the metallic glass sys tem Fe 100-xZrx. 
7 :S x :S 12. It is not agreed which moclel best 
describes the magnetic structure. We havr 
therefore looked at Feo0Zr1 0 ancl F'e92Zru 
Lo attempt to resolve whether non-collinear 
ferromagnrti m exi Ls and. if so. which form 
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Figure 2: Tlw spin-llip cross-sections of Fcn0Zr10 and l-'r112Zrs at 133 I\ in 2T. This cross-section is clirrr tly pro­
portional to tile correlations brtween any non-co llinrar magnetism. The rross-scrtion or Fer10Zr111 is linite. but 
esscntiall) reatu rrlrss. suggesting it has c1 struc ture similar to I (h) . FcnZr8 has pea~s in the c1'0ss-scrtion at 
thr 11rsl t110 maxima of th r atomic S((J). Com1iarison of ralrulation 11ith the data suggests ttwt ii has a ·combed 
hair· slrun ur·c· wilh some random disorder. 

docs it take. Wr ha e used the technique or 
neutron diffraction , ith polarisation analys i 
on the IN20 spcc tromc1cr. This is the only 
technique ca pable or unambiguously 
detecti ng non-co ll inear magnetic tructures. 
The sa mples wrrc subjected to a vertica l 
magnetic field or 20 kOe LO sa turate the 
magnetic doma ins. In this configuration. an 
spin -riip cross-srction is directly proportiona l 
to the structure ractor or the non-collinear 
com ponents of the moments. A co llinear fer­
romagnet. therefore. will have no spin-flip 
cross-sec tion. Figure 2 shows the spin-fl ip 
cross-section for the two samples at 135 K. 
where they are ferrom agnetic. 
The spin-rlip cross-sec tion of Fe90Z r1 0 
(Fig 2(a)) is finite and diffuse. decreasing 
smoothly with increasing Q. Such a cross­
section ha been seen before [2.5] and is 
representative of a non-co llinear system with 
no correlations between the non-collinear 
components. Thi sample therefore ha a 
magnetic strncture imilar to Fig. I (b). 
The spin-flip cross-section of F'e92Zr3 (Fig. 
2(b)) has. in addition 1.0 a diffuse fea ture. dis­
tinct peaks at Q - 3. 1 A' and = 5.25 
matching the first two maxima in the atomic 

S(Q). Such fratures haV<' never Ileen seen 
before and are representati ve or a co rrelated 
non-coll inear rr rromagnetic structure. such 
as those of Figs. I (c-cl). 
We have madr detailed ca lculations or the 
model structures to sre which will reproduce 
the features in Fig 2(b). 'l\vo pos ilJilities 
exist: the magnetic structure has eithr r a 
·combed hair· component with somr. random 
disorder: or it is a ·c1ustrr canted· structu re 
with virtua lly every moment in a cluster and 
very few collinear with the mean rerromagne­
tic direction. Looking ca refully at the propo-
ed models and how they compare wi th our 

conclu ions. we believe that the former su·uc­
ture is the closest to the truth . Our re ·ult 
can now be used to refine extremely detailed 
theoretica l ca lcu lations 161. providing vital 
evidence to under La nd the complrx magnetic 
behaviour of metallic glasse . 
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We have characterised a series of 
three phosphonium aryloxides by 
single crystal neutron diffraction on 
D19. Definitive location of the hydro­
gen atoms reveals uniquely short 
C-H···O hydrogen bonds. Using neu­
tron diffraction we have been able to 
address fundamental questions 
concerning the bonding in these inter­
actions. The three structures can be 
rationalised in terms of a 
common supramolecular synthon 
which may have significance for Mure 
crystal engineering applications. 

Conventional ·strong· hydrogen bond 
(e.g., 0-H 0. N H 0. etc.) are recogni ed LO be 
of fundamental importance in determining the 
upramolecular structure or organic solids 

[ 1 ]. Among the many roles played by trong 
hydrogen bonds in structural chemistry and 
biology. one area of intensive research is thei r 
use to control supramolecular structure in 
crystal engineering [2]. In contrast. ·weak· 
hydrogen bonds (e.g .. C-H-0 and C-H n. etc.) 
have not been exploited in crystal engineering 
LO the ame extent even though they have been 
hown to be capable of exerting a profound 

innuence on supramolecular structure [2]. 

Indeed, until relatively recently. even their 
existence was still being seriously questioned 
[3]. In Lhi contribution we investigate the 
nature of very short C H-0 hydrogen bonds 
and consider whether they are useful as LOOls 
for crystal engineering. 
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► 

Ph 
\ . H 
- P= C• 

Ph--✓ ~R1 

Ph ~1---------~►► 

Figure I : The Synlhesi of 1-3. 

We have recently de cribed the synthesis of a 
range of organ ic pho phonium salts which 
contain extensive C H X interactions 
(where X = 0. N. Porn) in the solid stale [41. 
In order to gain insight inLO both the funda­
menta l nature or C H O hydrogen bonds them­
selves and their potential utility in crysta l 
engineering we have now undertaken single 

Figure 2: ingle crystal neutron tructure of I 
(carbon. hydrogen. oxygen and pho phorus shown 
in grey. dark green. red and green. re peclively). 

crystal neutron diffraction Ludie or three 
phosphonium aryloxide ( 1-3. Fig. 1) using 
the D19 single-cry tal diffractometer at the 
ILL. Due to their sen itivity LO air and moi tu­

re. all crystals were mounted under an inert 
argon atmo phere which wa maintained 
using thin-walled quartz domes during data 
collection at 20 K. 
The structure of I 15] (Figs. 2 and 3(a)) is 

R2 

[Ph3PC(H)2R1J+ -O-o-R3 

R2 

1(R1 = R3= Me, R2 = 1Bu ) 
2(R1 = R3= H, R2 = Ph) 

3(R 1 = Me) 

monomeric with interactions between ca tions 
and anion med iated via two C 11 0 interac­
tions. one from an alkyl C 11 group and the 
other from an aryl C H group. The structural 
parameters or the C H O interactions in I 
have all been accurately determined ancl the 
distances arc at the lower limit or those found 
previou ly for C 11 O hydrogen bonds. 
By reducing the steric bu lk of both Lile cation 
and anion we were able LO obta in the dimeric 
structure found In 2 [5) (Figs. 4 and 3(b)). 
Here. each phosphonium ca tion partakes in 
the same alkyVaryl chelation as was een in I 
but also hydrogen bonds LO a second anion via 
an alkyl C-H donor. This generates the pucke­
red eight-membered ( H-C H 0)2 ring hown 
in Fig. 5. The C H O hydrogen bonds within 
this ring are to our knowledge the shortest yet 
determined by neutron diffraction. being up to 
5% shorter than any others found in the 
Cambridge Structural Databa e. 
Accurate loca tion and refinement of the hydro­
gen aLOms ha allowed u to address funda­
mental question concerning the nature of the 
bonding in these very short interaction . 
Fi r tly. unlike trong hydrogen bond which 
can be partially covalent. even the e very 
hart C H O interaction appear to be purely 

electro tatic in nature. There is no significant 
increase in the C H bond lengths nor is there 
any di torLion of the hydrogen atom 



a) b) c) 

d) e) .. 
X 

Figure 3: Cartoons of C-H-- ·O hydrogen bonded pho phonium sails (cations. anions and hydrogen bonds hown 
a red circle . blue squares and arrow . re peclivcly). 

an isotropic displacement parameters along 
the C H bond vectors (F'ig. 5). Any cova lent 
contribution to the bonding would be maniFes­
ted in one or both or these effects. Secondly. 
the neutron data provides unequivocal eviden­
ce that there is no disorder or the hydrogen 
atom position between the two po sible Forms 
(C-H 0. ionic, or C H-0. neutra l) wh ich might 
be expected by analogy with very short O H 0 
systems. 
Because the structures or I and 2 contain the 
same structural Feature or alkyVaryl C H 

Figure 4: Single crystal neutron structure of 2 (car­
bon. hydrogen. oxygen and phosphorus shown in 
grey. dark green. red and green. respectively). 

Figure 5: DcLail of the (+I- C- H-O )2 ring in 2 (all 
anisotropic displacement parameters drawn at the 
80% probability level: hydrogen bonds shown 
in yellow). 

chelation or an O atom (F'igs. 3(a) and (b)) we 
were interested in the possibil ity or utili ing 
this motiF as a so-called supramolecular 
synthon [2] in the design or more complex 
supramolecular structures. By analogy with 
compounds I and 2 we expected that the 
structure or a bisaryloxide sa lt would conrorm 
to one or two structu res depicted in Pigs. 3(c) 
and 3(d). In Fact. the actual strucLU re oF3 (Pig. 6) 
is not so simple [6] . The synthon round in 
I and 2 is reproduced but only For one or the 
ca tion-anion interactions. The second cation 

Figure 6: Single crystal neutron structure of 3 
(carbon. hydrogen. oxygen and phosphorus shown 
in grey. dark green. red and green. respectively). 

interacts with two dianions in a previou ly 
unobserved manner via two C-H--·rc and one 
C-H-- ·O interactions thus genera ting the 
unpredicted polymeric supramolecular struc­
ture shown in Pigs. 6 and 3(e). 
In conclusion. we have been able to Fully cha­
racterise a series or three C-H·--0 and C-H-- ·rt 
hydrogen bonded phosphonium aryloxides by 
single crystal neutron diffrac tion including the 
shortest interaction known to date. By accura­
te location and anisotropic refinement or the 

hydrogen atoms we have shown that these 
uni<1uely short interactions are consistent with 
a ·normal· electrostatic bonding model For 
weak hydrogen bonds. All three supramolecu­
lar structu res possess the same supramolecu­
lar synthon wh ich may be applicable For use in 
crystal engineering although, consistent with 
the relative weakness or the in teractions. pre­
cise control or structure may be problematic . 
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In view of its high importance as a 
model system for hydrogen bonds, 
we performed high pressure neutron 
diffraction experiments on the very 
corrosive and toxic hydrogen 
fluoride. Using neutrons from the hot 
source at D4B we were able to 
determine its microscopic structure 
and thereby the temperature 
dependence as well as density 
dependence of hydrogen bonds over a 
broad range ofthennodynamic states [1]. 

Du1•ing the past decades the importance of 
hycl rogen llonds wilh respec t Lo the su·uc­
LUrc'. int ra- as 1rr ll as intermolecular. has 
b com<' more and more obvious. Th ese bonds 
determine the st ructu re of ll'a ler. alcohols 
ancl al:o the conformation of macromolt' ­
cules. e.g. bio-orga nic molecules. Therefore. 
investiga tions on hydrogen boncl • are of grea t 
in tr rcs t fo1· many phys ica l ancl chemica l dis­
ciplines. I ly<l rogcn fluoride has become a 
popular model ·y 'Lem for hyclrogen bonds 
because or the strong influence or hy<lrogrn 
bonds on its properties - in fac t hydrogen 
fluoride form s the strongest hydrogen bonds 
knoll'n - and bcca u ·c of its 1011 complexity in 
compari on lo alternali1e s stems. e. g. 
wa ter with two hydrogen bonds per molecule. 

Structural cla ta of hydrogen fluoride are the 
ideal cxperimPnLal rr ferencc for theore tica l 
in ves tiga tions and computer simulation . but 
surpri singly liLLlc is known about the 
structure of liqu id ancl gaseous l1ydrogen 
fluoride. In the solicl state. hydrogen fluoride 
forms (IIP)n chain . as clctrrmined by .x-ray 
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Figurr I : Snapshot or the ab inilio molecular dynamic simulation or hydl'Ogr n lluoride at ambient condit ion . 

121 and neutron cliffraclion 131 stud ies. A 
grra L numbC' r of investiga tions clea rly revea l 
L11e prcsencr of (II P)11 chain s in the liquid. too. 
Th is i, also supportPcl by the only ela 'Lie ct ir­
frar lion stud. on liquid hydrogen fluoride. In 
1085. Deraman et al. 14] cleterm inrcl the 
structure factor of liquicl deutera led hyclrogen 
fl uoride (deu teri um fluor ide) at ambient 
condition using the diffractometer D4B al 
ILL. Undoublrd ly. th<' liqu id hydrogen fluoride 
consists of a ne l11 or~ of winding chains. But a 
more detai led cle criplion was nol access iblr 
b tlwse experimental stucli rs. 

Tilr knowlr <lgr or 1hr structure or gaseous 
hydrogen fluoride is al ·o reslriclr d. Some 
ri rogress was prov icl<' cl !Jy I~ spec troscopy in 

synchronisC'cl pulse supersonic jct l'xpan­
sions by Suhm 151. lncl ica Li on of (I W).1 -7 

cluster · were round together with a grraL 
amounL of monomers and dimers. Bul th(' 
re liahilily of lhe structu ra l cl aLa fo r Lhe ·e 
cluster . and for thr ir temperaLure and den­
si ty dependenc ies. is clebated. 

In aclclition. many Iheorelica l invrsLiga Lions 
and com puter sim ulations ha1·e been carried 
out lo depic t lhe properlie of hydrogrn fluo­
ride. In genera l. goocl agreement \\lilh ther­
modynamic results has been obta inecl IJy 
class ica l simu lations using difrerent potent.ial 
modc'ls for lhe clcsc riplion or the hyclrogrn 
l>oncls. H11I for all these models thr sl ructu rr 
turn s out to lw rather cliffercnl. The situation 
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Pigure 2: Density as a funclion of pressu,t' for deuterium nuoride: (■) pcrfo,med. (T ) planned cxpc1i mcn1s. 

was aggrava ted by the fact that Lhe question 
as Lo which model describes the structural 
properlies or liquid hydrogen fluoride best. 
1·e lied on the comparison with the tructural 
data or Deraman et al. 14] at only one ther­
modyoamic sta te. A str p forward was made 
by ab initio molecular dynamic simulations 
on liquid hyd rogen fluoride at ambient condi­
tion s [6]. In Fig. I a snapshol of the liquid 
structure during a repetition or thi s simula­
tion is depicted. The winding chains arr 
clearly visible. The I·c ults of the simu lation 
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temperature dependence 
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are supported by th e good agreement 
between the total atom pair correlation func­
tion G(r) cleduced from the simulation and 
the one clNermined by Deraman et al. f 4]. 
Further l11rorctica l in vestiga tions and com­
puter simulations on the structure at other 
thermodynamic state are till mi ss ing 
because of the lack or experim ntal structu ­
ral data. 
In order LO extend the thermodynamic range 
of ava ilab le data. we have undertaken high 
pressure neutron diffraction experiments on 
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Figure 3: The weighted atom 1ial r corrcla lion functions of deuterium nuoride in th!' distances range 
or the hydrogen bonds. 

hydrogen fluuricl e. Using the c!iffractomeLer 
D4B. we were able 10 determine the total 
atom pa ir correlalion runclions G(r) or cleute­
ratecl hyd rogen fluoride (clrutrrium fluoridr) 
at two liquid and four supercrili ca l slates in 
the temperature range of 300 - 4 73 I( and for 
pressures up LO 320 bar 11 J. The investigated 
(■) states arc marked in Fig. 2. The sample 
clensiLy is cha nging by a facl01' of 4 from 
liquid-li ke to gas- li ke clensilirs. 

In F'ig. 3 we present LtIe LOLa l atom pa ir co r­
re lation fun ctions G(r) we ighted with the 
number density C ancl th<· factor 4m·' . i.e. 
radia l distribution ru nctions. As the aI·ea 
under t11e nrsI maximum is direc tly related Lo 
the average number or l1yurogen boncls per 
deuterium fluoricl c (DF) molecule. these 
run ction give a quantitative impression or the 
changes in the hydrogen bond s. The left part 
or figurr 3 il lustrates the temperature cle­
pendence in the ra ngc from 300 - 4 73 K and 
the right part the clcnsity dependence in the 
·upercrili ca l region at 473 K. Both depen­
dencies are mainly described l.iy a strong 
decrease of hyclrogrn bonds prr molecule. 
whereas only the va riation of temperature 
affects the shape of the functions in the 
depicted distance range. 

Together with the planned experiments on 
the sa turated vapou r at D4C. which arc mar­
keel in Fig. 2 as (• ). these measurements 
represent the fir t comprehensive stucly or 
the structure or hydrogen fluoride from th 
liqu icl thrnugh the supercritical region to the 
vapour pha se and thereby provide deta iled 
in formation on how L11 e structure changes 
rrom a chain- like arrangement in the liquid 
phase to small clusters in the vapou r phase. 
It is hoped that these structural data will 
help to deve lop improved models for 
hydrogen bond potentials and to verify the 
results of L11 core tical investiga tions ancl 
computer simulations. 
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The discovery of 'colossal ' magneto­
resistance, CMR, in Ln1-xMxMnO3 
manganites {Ln = trivalent lanthanide, 
M = Ca, Sr, Ba) has led to an explosion 
of interest in the tendency displayed 
by many of these compounds to form 
nanoscopic inhomogeneous states: 
electronic phase separation and char­
ge-ordering (CO) phenomena. CO is a 
fascinating phenomenon in metal 
oxides with important implications in 
the CMR of manganese perovskites 
and in the high-temperature super­
conductivity of copper oxides [1 ,2]. 
Using temperature dependent neu­
tron and synchrotron diffraction a 
spectacular high orbital/charge orde­
ring temperature, Teo = 475 K, was 
found in Bi112Sr112Mn03. The charges 
order approximately 325 K above the 
temperature predicted by the band­
width tuning mechanism for the 
Ln112(Ca; Sr)112 Mn03 family. The results 
point to the conclusion that a 6s2 

character of the Bi .. lone pair favours 
markedly a charge ordering. 

The Lab ility of charge-ordered stale · is 
determined by the Cou lomb repulsion b<'­
twren charges and the elas lic energ from 
lhe lauice deformalions assoc iated with the 
orbita l ordering (Jahn-Teller dist.ortion of the 
octaheclra occupied by eg elrCLronsJ 1:1 [. The 
liandwidth tun ing mechan ism has been wide­
ly used lo quantitalively justify thr Teo val' ia­
lion in the Ln 112M 1nMn03 family of com­
pounds 14[. Wide eg band\\'idl11s and la1·gr 
mean siz<' of Lile A-site ea lions <RA> fa,or the 
mol1ilily of lhe ilineran l electrons th rough the 
lattice decreasing Lhe1·eby Teo. whi le narrO\\' 
hancl\\'iclll1s reduce this mobility. increasing 
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Teo. The banclwicllh itse lf can llr· approxima­
tely clrtrrmined from the lilting of the t'vln OCi 
octahrclra which is re fl ec ted in Lhe average 
lloncling anglt> <Mn - 0 - Mn> . 
Pirst strong indications for thr presence of 
CO in Bi 1n Sr112 tl-lnO:i at high temperatures 
werr seen in susceptibil ily data. \\'hich revea­
led a tran ilion at 4 75 k I ligh rrsolution neu­
tron PO\\'cler diffraction \\'Cre performed al 
the I l"L on D2B al l..'i K ancl 300 K on 
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the CE magnetic order were clearly seen in 
neutron diffraction data. In order to check for 
the presence of superlatlice reflec lions we 
benefited from the complementarity of syn­
chrotron powder x-ray diffraclion avai lablr at 
lhe ESfW Pig. I shO\\'S the ·e extreme ly sma ll 
extra peak as measured on Btl-1 16: th ey can 
he inclc ·eel by doubling Lhe cell along b. The 
temperalllre dependence of Lhe superlatt ice 
peaks as well as Lhe evolulion of the cel l 
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Figu rr I : ( I 1/2 0) and ( I 1/2 t ) supt'rlallirr pra~s or Bi lf2~r1 r2 i\1110:1. 

Hi1n Sr 1n ln0.1 ancl Bi1 1:!Ca1n MnO:i l:il . 
Thr Sr compouncl ,,·as as ,, r·II mea. urcd 
IJclwrcn 400 f.. anrl :iGO I<.. wilh higl1 reso lu tion 
on DIA. Three differen t signature ·ren in 
diffraction sLUdies are typica l ror the c·vo lu­
tion of a charge-ordered slate: I ) a lattice 
deformalion comprising thc expansion of the 
aancl bcell paramclersancl Lile contrac tion of 
the c ce ll paramr tc1· using Uw normal Plmm 
space group se lling. 2) the formation of small 
supcrlallicc peaks originating from Lile larger 
unil ce ll necessary to describe lhe structural 
modulation inducetl by C:O :3) Lhe forma lion or 
a CF.- type magnrlir ordering at low 
trmprraLu res. 
The !allier deformation and lhr formation of 

parameters indicated Teo lo l>e at about •180 f... 
The high resolu tion diffraction clata also sho­
wed Lhat the 'am ple actually spl its into 2 
macroscopic phases ,, iLh slightly different 
laLLice parameters when cooled IJrlo,v Teo. 
The neutron data have confirmed Lhat Ulf' two 
pha ses present different magnclic stru ·tu rrs 1 

aL low tempera tures. The q = 2l1* mod ulalecl 
rnainpl1ase (70%) orcle1·s anliferromagnr ti ­
ca lly with the CF. type magnrtic sli'ucturc 
while Lhe minority phase (30%) adopt s the 
anlifcrromagnetic A- type structure. 
l\lacroscopic phase separa tion is com mon ly 
observed in amplrs wi lh even wry small 
compositional flu ctuations as Uw CE and A 
type phases have ,·ery simi lar enf'rgies [G[. 



Although Bi '· and La '· h3\ r similar radii in 
many oxidrs. rrplacrmrnL of I.a by Bi lrads Lo 
an increase of Lh<' a\"rragr l\ ln-O- In clistor­
tion. The striking heha\ior or Lhr Bi 111Sr1 r2 
compound becomes clear comparing it to thr 
Bi 112Ca 112 comIxiund: As expected U1r averagr 
Mn-0-Mn distortion is morr pronounru:I in U1r Ca-mm­
Ixiun<l. howc-'l-rr. 'l\:o (Ri 112Sr112) » Tm ( Bi 112Ca 111). 
According to the classica l bandwidth Luning 
approach for the evolution or Teo as a func­
tion of tlw Lilting of the oc tahedra in the 
Ln1121\l1121\ lnO:i srries. Teo for Bi112Sr1121\. lnO:i i • 
expec ted al about 150 K. more than three 
limes 1011 er than the mrasured va lur (F'ig. 2). 
ll is clra r that thr rx traordinari ly high CO 
transition Iempcra I11rr or 47S K obsrrwcl in 
Bi1nSr112. which is unprecedentrcl in Ln-Mn-O 
manganitrs. ca nnot be explained by con iclr­
ring only the average buckling or the l\ln-O-1\ ln 
boncls. Obl"iously. an A-siLe mismatch effect 
ca nnot e>.plain such a high Teo as the 
A-size l'a riance is larger for Hi 112Sr 11~ than 
for Hi 112Ca 112 wl1 ir h shou lei lea(! to even a 
lower Teo for Bi 112Sr 112. So wit} clo thP Sr and 
lhr Ca oxides !)('have so clirferenlly? 
lncleed. our data suggest that the lone pair of 
Bi '• plays a role in thrsr apparent ly contra­
dictory ohscrva lion. . In Fig. :~ the unit cP II 
volumes of Ln1n l\ l 1n MnO:i (M = Ca. Sr) 
com pounds at RT are plotted , C"rsu the ionic 
radi i <R(l .nJt )> = l/2(d\n> + <R~1>). 
Herr we ha\e to reca ll that th r dfectil"e ion ic 
radius or l·W dr pencls on L11e character of Llw 
G~~ lone pair. In most Bi oxides <Rlli> = 1.24 A 
when the lone pair charac ter is dominant or 
<RBi> = I . 16 A" hen Llir lonr pair charac ter 
is constrained. Both possibili LiPs have b<'en 
consicl crr d in l•' ig. :3 ror Bi 112Sr 112 and 
Bi1nCa 112. It is apparent, from I.his l"igurc that 
the two compounlis behave differently: Llw 
vo lume or Hi 112Sr1 n matc l1cs wr ll I.he rlcpen­
clencr or Sr ha lf-eloped manga nites assuming 
dominant 6s' charac trr (<RBi> = 1.24 A) 

However. thr volume of Bi1 12Sr112 fo llows the 
linea r trend or the Ln 1n Ca 112 series only ii" 
Lilt' Gs' charac ter is constrained (< l<B1> = 

l . l fiA). 

The average interatomic cli stancrs. round to 
be (Bi.Sr)-O = 2.G7 A (expec tecl for <RHi> = 

1.24 A: 2.075 ) and (R i.Cc1)-O = 2.:-i7 
(expected ror <l<Hi> = 1.1 6 A: 2.57 ). also 
poi nt to the same intrrpretalion . I lence. <lif­
fraction data sugges t t11c1I Lh t' Bi " lone pai r is 
strongly screened in I3i 112Ca 112 (mark<•cl 
p- haracu·r al the A sit<') with a pr<> ferT<'d 
ori ent ation far from the Bi-O ilonds. 
Convr rsrly. the (is' lone pa ir charartr r is 
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dom inant in Bi 112Sr112 increasing the r lrc tron 
density along some Bi-O bonds resulting in an 
crrrclive bigger Bi '• ion ic size. Assuming a 
pa1·tia l hybridisa tion or the lone pair electrons 
with some O:2p orhiLals participating in the 
eg(l\ ln) - 2p*oO) - Pg(l\ ln) chemica l bone!. an 
important reduction or the mobility or thr 
ca ITiers woulrl takr place lead ing to thr 
cha1·gc• ordrring at rxtraordinarily high 
trmprralures. It is notable that this nrw mecha­
nism is strongly inhihited in Bi 112Ca 112. sugges­
ting 1hr possibility that it can be stericallycontrol­
lecl/ac ti va trd h prrssure in srlec trcl oxidrs 
(e.g. U1r Bi 112(Ca:Sr) 112MnO I/.l SC'ties). 
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hemistry & structure 

Crystal structure of new fast oxide-ion 
conductor La2M02()g leads to novel design concept 

• P. lACORRE, F. GOUTENOIRE 

( UN IVERSITY OF LE MANS ) 

• 0 . ISNAR D (CNRS GR ENOBLE ) 

• E. SU ARD ( ILL) 

We have used neutron powder diffrac­
tion to study the structural arrange­
ment of a recently discovered new 
family of fast oxide-ion conductors. 
The parent compound of this family is 
lanthanum molybdate La2Mo209, 
whose oxide-ion conduction above 
600°C is comparable to or slightly 
higher than that of stabilised zirconia. 
The structural arrangement of 
La2Mo209 is close to that of f3SnW04, 
where divalent tin has an electronic 
lone pair. This structural similarity 
enabled us to explain the origin of 
anion conduction in La2Mo209, and to 
propose an original concept to design 
new families of fast oxide-ion conduc­
tors, based on lone pair substitution. 

Fast oxide-ion conductors form a class of 
materials which are widely sought for and 
studied since they can be used in many diffe­
rent applica tions. They include Solid Oxide 
Fuel Cells (SO F'C) as low-polluting power 
generation systems. oxygen sensors for el ' C­

tronic fuel injection systems in ca r motors. or 
oxygen pumping devices to sepa rate nitrogen 
from oxygen in air. for instance [ 1 ]. The most 
famous and widely u ed material of that kind 
is probably stabili sed zirconia. with an oxy­
gen-deficient fluor ine- type structure. Other 
oxide-ion conductors belong Lo different. scal'­
ce . structural types. such as dcficienL­
perovskites. intergrowth p rovskitc/Bi20, 
Aurivilius type phase . or pyrochlorcs. 
Resea rch directions in Lil e field have focus eel 
on improving the properties of a I ready known 
compound or on finding new families wi th 
the main goa l to lower the temperatu re range 
within which such materials ca n be 
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Figure I : Neutmn diffraction pa tt ems of l.a2Mo209 co llected below (533°(:) and 
above (6 I 7°C) the r>liasc transition (DI B. '/..= 1.28A). The sta rs point ouL the small 
superstructurt' 11caks of a l.a2 10209. 
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Figure 2: D2B neutron clilTraction 1iattcrn fil of the crys tal structure of ~ La2~10209 
at 670°C. Note the strong rlccrcase of diffracted intensities with the clilTraclion angle. 
clue to large oxygrn thermal factors (the modulated backgmund is in this case clue to 
the diffusion from the glass container) . 

efficiently usecl (usually above 700-800°C). 
Recently. some of us have inves tiga ted a new 
family of fast ox ide-ion conductors basecl on 
parent compouncl La~Mo20n 121. This com­
pound has been known for thirty yea rs. but 
ncil11cr its structun· nor its conducting pro­
perties. We have shown that iL unclcrgocs a 
reversible phase transition around 580°C 
from a slightly distortecl low temperaLUre 
a phase LO a cubic high temperature f3 phase. 
There is an abrupt ju mp in conductivity or 
almost two orders of magnitude at the transi-

Lion toward the high T phase. the oxide- ion 
conduction being around 6 I O' S.cm I at 
800°C. slightly higher than that or usual 
stabi lised zirconia. l~lec tron and neutron 
diffraction show superstructure reflec tions in 
Ll1e low temperature phase. most pr'Oilahly 
clue Lo an oxygen/vaca ncy ordering (sr c Fig. I). 
as usually encountered in thi s type of mate­
rials. Neutron diffraction experiments were 
conductecl on D2B and DI R al, 1hr ILL. The 
neutron cliffrac tion pauerns show an impor·­
tant decrease of th(' rliffrac tecl intensities with 
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Figurr 3: lk Wil or thr neull'On diffraction pattern or La2~l020!l at room templ'l'aturr 
rersus O=~rr sin 9tt-.. sho11 ing a large diffusion 1ic·ak around 2.31 - ·• (due to hort rangr 
order with pair distance · around 2.:5 , ). Note that hrrr. tlw container contribution to thr 
background is nrgligible (vanadium container) . 

ne ·essary Lo ruml lhc lanthanum valr nce. The 
lanthanum molybclatc· rormula can Lhus lie 
rrwril Lrn La21\1020R+ 1. with Lhe extra oxygrn 
atom allowed to migraLe through the vacancy 121. 
Such an approach I 71- ca lled lhe LPS 
([or Lone Pair Subslilulion) concepL can be 
applied to a variety or alread known oxides ur 
lone-pair element (such a In·. Ge1•. Sb" . Se'· . 
I". among others) . Sub tiluling such elements by 
appropriate none-lonr pair elements or , imilar 
size and identical or + I extra charge is likely. i[ 
the structure is kept. to LUrn thr insulating com­
pounds into oxide-ion conductor ·- 'l'l1c large 
number or already known oxidC's or lone-pair elr­
ments ensures a signincanL source or parent 
compound ror ruwrr test or the LPS concept. It 
is expected Lhal such tests wil l be rruit[ul and will 
lead to new ramilics or ra L-oxicte ion conductors. 
in order Lo improve lhe knO\\ ledge or such mate­
rials a well as Lhr ir r fficicncy in applica tions 
such as solid oxide rurl ce lls. 

the diffrac tion angle (Pig. 2). an indica tion or 
lhr large thermal racLors of ox gen atoms due 
to lleloca lisa tion. Another ignature or oxygen 
diffusion can br fou nd in the modulation of the 
neutron diffraction background. with a first 
ma, imum around O = :3. I ' (see l•' ig. 3). 
Accor<l ing to Lhr Drbye rormula. which can be 
usccl to c press ll1e con Lribulion of sLa tic 
structu ra l di sorclr r in diffu se elas Lic sca tte­
ring. the l'irst ma rkecl maximum appN11· • aL 
Oma,=(2nx I .2:Wclrn. where elm is a preferred 
atomic pair disl.clnce 131. When appli l'cl 10 our 
data. such a rormula givr s a prererrc<I pair 
distance around 2.;i . which is charactcris­
Lic or min imal oxygen-oxygen rlisLances. Th is 
is a good confirmaLion or some oxygen sl101t 
range order in Lhis compound. 

euLron diffrncLion allowed us to dcLermine 
Lil e cryst.al sLrucLure or ~La2Mo20o I ,11 . Thr 
caLionic arrangemenL i • close Lo LhaL round in 
~SnW04 151. as well as Lh e location or Lwo 
over lhe Lhree oxygen ites (see F' ig. 4) . All 
Lhe oxygen atoms have large anisoLropic 
Lhermal [actors. ancl three forth or Lhcm arr 
loca Led on sites which are 50% occupied on 
average. This leads lo short clistances beL­
ween such sites. characterisLic or short oxy­
gen-vacancy cl i La nces. and Lhus or the most 
probable conducLion path in the strucLurc. 
which appears to IJe Lridimensional. The mosL 
intercsLing and ugge live way to un<lcr: Laml 
Lhe origin of anion concluclion in ~La2 l0200 is 

'>- -z02·--,-'-W"~ 
// " 

// 
..J 

-~01 

1-'igul'<' .J : Ca tionic environment · in ~SnWO~ anrl BLu2Mo20~1. 1-'or c·omJJ/ll'lson purpost'. lhe envll'Olllll<'llt of Lt1 is 
limited to Lhr nearest neighbours. Coloured C'ircles indica te o~ygen sit.<'S whi C'h arC' pt1rtially occupied. 

thmugh its strnctural relationship wiLh ~SnW04 
In U1i lasL compound. divalenL Lin is a cation 
with an electronic lone pair. IL is well known and 
documented LhaL elecLronic lone pairs. whatever 
the clectmnic shell. have a spatial extension 
close to thaL of an oxicle ion. thus distorting the 
ligands envimnment of the ca tion [61 . Taking into 
account the presence of a lone pair ~ in the for­
mula of the Lin LUngsLa te leads to the form ulation 
Sn\V04E. or Sn2\½0sE2. Substituting 2Sn'· with 
lone pairs by 2La" wi thout any lone pair creaLes 
two \'acancie. in place or the lone pairs. hair or 
wh ich being occupied by Lhe extra oxygen atom 
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iquids & glasses 

Collective excitations in liquid metal alloys K-Cs: 
the role of the electron density 

• LE. BOVE, C. PETR ILLO, F. SACCHETTI 
( ISTITUTO NAZIONALE PER LA FI SICA DELLA 
MATER IA - INFM ) 

• B. DORNER ( ILL) 

We have investigated the ion dyna­
mics of the liquid alloy Ks2CS48 by 
measuring the dynamic structure 
factor of the system. Well defined col­
lective excitations were observed up 
to the maximum value of wave-vector 
transfer of the experiment, 0.7 A-•. 
We carried out a comparative analysis 
of the present data with those mea­
sured in liquid Rubidium and Cesium 
and we found that a scaling relation 
holds for the dispersion curves mea­
sured in all these systems. 
The derived scaling reveals the key 
role of the conduction electron 
density in the collective dynamics of 
alkali metals. 

Alkali metal s can be regarded a pro totypr 
sy tern s or simple liquid metal. and they ca n 
be de cribed a a two-component mixture of 
interacting elec Lron and ions. Such system· 
have focu ed intere t becau e the'.)- offer the 
oppol'lunity to acldres the fundamental field 
of ·talic and d~ namic sc reening phenomena 
in the interacting electron gas. Furthermore. 
Lile interplay between the electronic and the 
ionic components of the liquid metal affects 
the dynamic behaviour of the system. Since' 
th r pioneering experiment of Copley and 
Rowe on Rb[ I I. liquid Cs[2] and Lii 3, 4[ havr 
also been investigated. Collective exc itations. 
i.e. propaga ting longitudinal ion density nur­
tualions. extending LO relatively large momr n­
tum transfers. havr bren rr port r d for all 
these yst m . fi:vidence for a so-ca ll('(I 
posilil e dispfl'sion. that is an en ha nerd group 
velocity of the ion density fluctuations aga inst 
the sound velocity. was found by the low-0 
extrapolation of the measured dispersion 
relation in Rb[ 11 and Csi2]. 
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Fi~urc I: Cohrrcnt d namir structure factor of K., 2Cs4s vrrsus energy transfer and at the wavrvector transfer 
va lues of the mcasurem nts. numcly at O = 0.15. 0.2. 0.25. 0.3. 0.4 . 0.5 and 0. 7 '. The experimental data (tlots) 
arc· also shown on a sca le expanded h~ a factor five (circles) lo emphasise the incla tic structures. Thr full llnC' 
arc the curvrs ca lculated an·orcling to the ll tled model <lescribecl in thr tr,t. The intrn ·lty measured on thr 
Va nadium sta nda rd at () = o.:J 1 ' (dots) is romparrd with the ca lcu lated instrumrnt resolution runcllon (fu ll llnC') 
In thr bottom panr l on lh<' right. 

In liquid alkali mr tals. rxperimenta l obsrrva­
tions rrvea l that systems wit11 dirferrnt ato­
mic mass and density. all su •ta in dr nsity fluc­
tuation moues charac tnisrcl by an rx tr nded 
dispersion rr lat ion and a rathr r long lifr timr. 
Therdore. it i.' vr r tempting to intPrprrt the 
characteri stics of the dispr rsion cu rves and 

the decay or 1hr co llecti ve density fluctua- ' 
Lion with a model common 10 all the alkali 
metals which is based on the picture or ions 
mos tly interac ting through th r Coulomb 
potential sc recnecl lly th r l<·cu·on gas. An 
unifiNl description whr re the r lcclmn dr·nsily 
parameter plays a fundamental role for the 



cl\ namic proprrtil'S of the alkali metals \\Ould 
11;, q11itr anrac ti\C'. Thr significancr of ·uch 
an approach can ilt' <·stablishrd on r,prri­
mt'ntal grouncl IJ} stuclyi ng thr dynamics of 
liquid binary alloys of alkal i metals \\ ith a 
composit ion cho. en to match t11r electron 
densitic. appropriate Lo the pure metals. Th C' 
al lo~ \\·oulcl then resemble Lile pure mC'tal in 
terms of r lectron ic density. although the mass 
dirfc•n'nCC'S. possihly prc·srnt. could gi\l' risr 
to some d~ namic rrature•s t~ pica I of an alloy. 
Follel\\ ing thi s idea. \\ r imestigatt'cl Llir ion 
cl\ namics or thr hi nary liquid alloy k;~Cs 111 
\;hich has a m<'lting trmperaturc' or 23G k an 
<' i<'ctron drn ity matching that of purr ~IJ ancl 
an merage atom ic \1Pigl11 comparahle \\ith 
that of ~il within I%. \\"e carried out room 
tcmpc·ratur<' mc·asurrme'nts at the thrrc·-axis 
spe·nrome·te r I 8 operatc·d at constant ana ly­
>s!'I' 1'nl'rg) ( I.I .\ 1 final nrutron \\cl\!'-\<'ctor). 
,\n 1•vacuatcd flight path around the samplr. 
maclc it possihlc to col lrct high qualit~ data 
clown to I O sca ttl'ring angle. 
Tlw 1•,pe•rimenta l data \\ err rrclucC'cl follo­
\\ ing th<' procechIrc· dl'scri lwd in l:il. The 
rc•,1 i11ing cohrr<'n t dynamic struc ture· ranors 
S((J. w) are shm\ n in Fig. I as a function or 
1111• e•nrrgy t ransft·r ancl at thr cliffrrrnt \1'a\e­
ve·c I0I·s. Siclr pPa ks originating from inr lastic 
(Hri llo11in ) sca ttering can hr obsrrwcl up to 
thl' ma:-.in111m momentum transrrr. thus incli­
ca t ing th<' ratlwr slo\1 drcay or thesr 
rol lf'c li \'r rlrns ity flu ctuations. MoI·rover. th r 
presence of an associatell cli spcrsion is P \ i­
drnt rrom the lo\1 -() sp< •c tI·,1. \\.e analyse(! thr 
spectra or l•'ig. I hy decomposing .'(O. w) into 
the sum or threr· lines. the centra l quasi-r las­
ti c ~ay lrigh lin 1' and the two inelas tic 
Bril louin liors. Th C' in r last ic contribution was 
rrp1·rscn te'cl by means or the Random l'hasr 
-\ppru>.i mation to th r cly11amic structurr Fac­
tor or a simple liq11icl mrtal IGI. Further 
details ca n be rouncl in 171. The dispersion 
hw((J) or thr in!'lastir propagating mo(lrs. 
ohta ined from thr fit to 1hr expcrimf:'n tal data. 
is slW\\ n in Fig. L in comparison\\ ith the data 
nwasurccl in liquid Rb I 11. 
Ewn though k,:1Cs 18 ancl pun' Rll ha\l' the 
same clrc tron density and a very si milar al"<·­
rage mass. t.hr prrsence· or 111 o quit.r clifferPnt 
ionic mass<'s in thP allo~ can hair an effect on 
the dispri-sion relations. In orcl<'r to under­
. tand the• role or I lw masse •. \I l' r!'fr1-re•d to 
t.hr si111plil"icd modC'I whl'I'<' the liquid mf'tal or 
tlw al lo) Is clescrill<'el ll~ ,1 gas or point-lik<' 
ions int<'racting th rough the Coulomll potPn-
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Figu1\· 2: Dist)('rsion l\'lation of lhc rollerli1<· <·, cita­
tions in l\;;2Cs.itt in corn1K1rison II ith the results of lht'­
neutron scallrr ing r,pl'rimcn l in 1n11t· Rb. The data ol 
pull' Rb after scaling h~ ./( t .-1:'i) arr also shm111. 

tial .-crPem·d hy tlH· electron gas. In a purP 
mrwl. this model results in th<' \I PII "-no11 n 
Jong-1\a\elrngth limit. ror till' eIwrg) or the 
longitudinal rol lf'C ti\ C' exci tations. as gi\l' n IJ~ 
thr Bohm-Sta\('I· formula l!il . that is 
wus'( ()) = Q 11 IE(O). \\ hrrr· Q'11 is the plasma 
Frrqu<'nc~ or thP ionic gas aml E((}) is 1hr 
(static) clielrcIric function or the homoge­
neous r lcc tron gas. \\'r e,tl'ndecl thi • approxi­
mation to thr alloy system ancl found tlia t a 
rrla tion •hip similai- 10 the Bohm-Sta\"cr 
rpsult holds if thr plasma rrequrnc) Q p is 
replaced by that or a gas or ions \I ith thr same 
a\"C:• rage density as t l1r alloy anrl an effccti\ r 
mass given by I/~ lcrr = ,1/~ I 1 + xd~ I'.! (\i 

IJeing the concentration or Uw i-t l1 component 
in t11r alloy). This re'su lt can be understood on 
intu iti\·e grounds rrminding that thP frequen­
cy squared is proportional to the im'C'l'sr or 
t.11r mass. In the present samplr the al'c rage 
atomic ma ss is 8-1. 1 a.u .. that is nparly the 
samr a Rh (83.~ ,1.u.). \I hrrra: ~lrrr is :i9. I 
a. u .. that is 1.45 Lirncs ·mailer than that or 
Rb. \\ r round that. multiplying t.he enrrgy or 
thr co lleclivP exc itations in pure Rh by 
( 1.45) 1 ' . the disprrsion rrlation or Rb sca les 
to that or the al loy. The sca led clisp<'rsinn rrla­
lion i. also . hOI\ n in Fig. 2 where the goocl 
agre<'ment with the alloy curi e is apparcnt. 
Tl1is result sholl"s that thr interaction go\e I·­
ning the propagation of eo llrc ti1 c mocl<'s is 
1hr (adllili\"P) Coulomb potrnlia l scrernccl I)~ 

the r lcctron ga •. \\ith the repulsiH' corr 
potential confined to a srconclar) roll'. Thr 
\aliclity or this hypothesis can lle further 
clwc"-ecl by applying the scaling proceclurc· to 
IIw <'ll<'rgy or the collrcli\e <•,citations in 
Rill I I. J..::;2Cs111 and Csl2I. ,'ince the 1·l1·c·tron 

clensit\. and lwncr th<' diC'lectric function. or 
Cs is 1;m, cliffr·r<'nt from that of the I\\O other 
systrms. thr clc1ta \ll'l'P scc1lecl according to 
tht· rolh1\1 ing r<'lationship 

L1si ng the Linclhard dielectric funnion. l'\a­
luatrcl in the static limit. \1 l' obtained thr sca­
led di. per. ion rrlations that are plollecl as a 
function of ()/(~1 in Fig. 3 Wi is th<' position 
of the· first. ma,imum of the static structure 
factor). 1\ remarkalrl!• agret•rnt·nt is ollsc·r\ccl 
ror Uw thrc't' s~ stems including Cs \1 ith a 
quill' differrnt ('l<'Cll'OII <lrnsit~. \ot('. that till' 
1·csult or a singl<' scan on i--;11Cs1iu. sral<•cl a: 
e·,pl,1incd alm1<·. coinci<lrs \1 ith thC' ot her clc1Ia. 
\\(' J)('li('\C' that till' JH'l'SC'n l e•,pe•rillH'lllS gi1e' 
a clear imlir,1tion of II1r rolr of the· <'i<'c tron 
gas in liquid alka li metals ancl an e,tl'IHIC'cl 
im C'stiga tion or the collrc ti \r e,ci tations in 
thesr s,·sIrIns could llrlp in deri\ ing nc\1 
info1·ma:ion on the inH•rncling clrct 1·011 gas I 71-

1.0 
D Ks2Cs45 
+ K32Cs68 

0.8 - t:. Rb 
Chtlo"~ o Cs ; 0A A 

0.6 - A& j 0 

~ ~ 
t:, 

§: 0.4 - ~ 
8 ltl 

□ 

0.2 - □ 

0.0 I I 

0.0 0.2 0.4 
Q/Oo 

1-"i1wrr :1: Displ'rsion rt·lation or llu· rollt·cli:e ,•,rila­
lions in l-.:;2Cs4a. l\:12Cs1m. pure Rh and pure Cs as sra­
tr!l arror!l ing lo the relation d<'srriberl in lhe 11•,t and 
I l'l'SUS ()/ (Jo. 
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Diffusion in a simple liquid 
beyond Brownian motion 

• W.-C. PILG RIM ( UNIVERS ITY OF MARB URG} 

• C. MOR KEL ( TU MUNCHEN ) 

The single particle motion in liquid 
sodium was studied by quasi-elastic 
neutron scattering over a wide 
density range along the liquid-vapour 
coexistence curve. The results are in 
excellent agreement with mode cou­
pling theory (MCTI and with computer 
simulations. They all reveal a distinct 
universal deviation for the density 
dependence of the diffusion constant 
D from the expectations of simple 
hard sphere theory. 

Since the earliest studies on diffusion l)y 
R. Brown in 1827. single particle motion in 
liquid ha always been of particular interest 
as the knowledge on the behaviour of inglc 
particles has always been viewed LO provide a 
link between the macro copic and microsco­
pic propertie of condensed matter. 
Sti ll Laday. most or the experimenLal results 
are interpreted in terms of rather 
phenomenological models. Among these. the 
En kog theory [ 11 describes the dynamic or 
a ingle parLicle in an assembly or hard 
pheres by means of two particle colli ions. 

However. comput.er simulation [2]. ca rried 
out already more than 30 year ago. howed 
that the density dependence of the diffu ion 
con Lant for a system of hard spheres 
deviates considerably from the prediction of 
the simple Enskog picture. This i illu Lrated 
by the olid line in Fig. I [31 where Lhe ratio 
DIDE of the actual diffusion consLanL Lo the 
expected Enskog va lue is shown as a function 
or vo lume. normalized Lo clo ed packing 
( V /Vo= ✓2 I II. o') . If the simple Enskog Lh O­

ry would apply, DIDE shou ld be equal LO one 
for all vo lumes (dashed line). However. Fig. 1 
shows that even in a simple hard sphere 
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Figure I : Reduced diITusion constant 0/Df: versus rcduC'cd volume VNo (Ot,: Enskog diITusion constant. 
l 'o: l'Olumc al close packing) . Circ les: cxpe rimrntal re ull : . olid line: com puter simulation 
(based on hard spheres). 

system. mechanisms exist which uppress 
the forward motion or the particles at high 
den •ities but support it at lower densities. 
During the last 20 years. progress has been 
made towards a more quanliLative undersLan­
ding of the underlying processe [4.5] by 
introducing a coupling between diffusive 
motion and collective density nuctuations. 
Our experimenLal re ults upporL this view 
ancl allow LO draw a comprehensive picture or 
the single particle motion along the whole 
density range of the liquid. 
Since the behaviour or liquid alkali meLa ls 
was often approximat.ed by employing hard 
phere models the choice of liquid odium as 

the object of investigation appeared LO be 
near at hand. Additionally. the diffusion 
consLant can be determined in an inela Lie 
scattering experiment from the incoherent 
contribution Lo S( O.w) and soclium has the 
largest incoherent scattering cros section 
among Lile alkalis (ai=1 .62 barn). It can be 

ea ily hown (see e.g. [6)) LhaL in the limit 
q-+ 0 the incoherent scattering law Ss (0.w) 
is a Lorentzian with halfwidth. 001 12 = D • 0'. 
indica ting class ica l Brownian diffusion. 
1 lowever. with increasing q, the line hape 
changes and the class ical description no 
longer holds. A useful quantity which 
describes this departure is the reduced 
halfwiclth y (0) = w~;f I D.()' given by the ratio 
of the experimenLal halfwidth LO the classica l 
value. 
Thus y ( OJ .. 1 indicat.es deviations from 
ordinary Brownian motion which mu t set in 
with increa ing q where Lhe quasiela Lically 
scauered intensity probes the particle motion 
on a microscopic length scale. 
In our experiments. liquid sodium was tudied 
over nea rly the entire liquid range from mel­
ting (Tm=371 K pm=0.98 glcrrr) up LO tempe­
ratures as high as 1773 K (p = 0.58 glcw). 
All experimen ts were performed at the best 
cold neutron spectrometer for the study of 



quasielaslic dynamics. lhe Limr-of-flighl 
insIrumclll I 5. l•'or each thermodynamic 
sta ir. llw rlirfus ion constant \\'as rletermined 
from the S., (O.w) spe tra al low momentum 
transfer and an appropriate extrapolation to 
O = 0. The <'xperimental results arc gi, <'n in 
Fig. I a circle:. They agree ,,ell ,, ilh the 
computer simulation. 
In Fig. 2. the de, iation from classica l heha­
,•iour is sho\\'n in terms of y ((}) for melting 
point condi tions (380 f... closccl circlrs) all(I 
for an c:--prrimrnt carri<'cl ou t close to the 
boi ling poilll ([JOO f..'. op<'n circle•s). 

frnm one point to anothrr. This mechani:m 
hindrrs the ctiffusion proce·ss compared to the 
simple Eo kog dynamics. 
While single particle molion is hampered at 
high elm ity. it is supported at lower densit 
(sec Fig. I ). In this ea e. the corresponding 
i\lCT-an atz combines the diffu ive motion 
with a trans,er e densit~ fluctuation 151. 

gain. experimenta l and theoretical diffu ion 
constants arc in excellent agreement 
( D11,=2. 98. I O' rnrl s: D1'111=2. D.'i. W' crn·'/s). 
The predicted O-liepcndencc of y(()). a linear 
clc\'ialion rrnm I . is also perfect ly con firmed 

l)y experiment (see 

1.1 ~--......... ---~---~--~----.----, 
clashed line in Fig. 2). 

The undcrl~ ing phy. ical 
picture can llr clarified 
with thr aid of computer 

0.9 

simu lation re , ults 12]. 
Coupling 10 a trans,cr e 
mocle gcneratrs a speci­
fic \'elocity field around 
the propagating particle 
which enhance · iL' for­
\\'ard motion. hencr an 
increase in llw diffusion 

0.8 ._ __ __._ ___ _,_ ___ ..__ __ ~----'-~ 
consIa11I compared lo 
the l•:nskog ,alue. 

0.0 0.2 0.4 0.6 0.8 

q!A'' 

1.0 

1\1 e,cn higher tempera­
tures and correspond ing 

Figu,~· 2: R!' d11 ct·rl l1 alli1irllh y(QJ = w 1./'"/ /) .(Yf'or sorlium at :mo " (lilll'li 
ci 1~· les1 anti ,11 900 " (opl'n cirrl r•s). Solid and rlasll('(I lines l'f' tl r'f'srnt thr 
corws11011cling 1111111t· -co11pling 11·sulls. 

lo,, er densil y. the mode 
coupling errc•cts die ou I 
and lilC' particle dyna-

Tile corresponcling y (())s olllainC'cl rro111 MCT 
(solid and clasllC'd line) arc also shm\'11 . i\i 
I0\\ t'r Icm pcraLUre ·. coupling IJC' L\\·ern cli!Tu si­
,·e motion c111cl longitudinal rlcnsil y f'l11 ct 11ation 
was consiclerrd 1·11 wh ich lc·ads 10 a q11aclra­
I ic de, ial ion rrom unity for y ((}) (solid li nr in 
Fig. :1). This is in CXCC' llenl agre•e· mc11I Wilh 
the experimenta l finding. In aclelition. Ille cli f­
fu sion consi.ant olll.ainccl frnm tile r,1lcula­
lions is also in perfect conformi ly with t•xpc•­
rimcnt(D11F0.·126. IO ' cnrl.,: o,'.vi={).423.10' cm'l.~l­
The agreenH'nl between experimen t ancl tlleo­
ry allows 10 clraw a clear phys ica l picture 
from the ~ICT ansalz. Thr O -clepenclrncc of 
y ((}) ar ises from slowly deca ing density cor­
re lations on a next ncighllouring length scale. 
The particle under consideration oscilla tes in 
a ·table cage built by ii: own coorcl inalinn 
sphere. This motion cloes not contribute to tlw 
forwa rd motion. Single particle• clilTu sion is 
only accomplishrd through a longitudinal 
density mock which ca rries the particle· col­
lecliH'iY \\ ith its immediate 1wighhourhood 

mics lircomC's P.nskog 
like. In Fig. I lh is is inclica tccl lly Lile asymp­
totic decrease of 010,.; to unity \\'ilh increa­
sing volu me. i\t ,cry low density and higl1 
tempernturc thr partic le dynamics is conlrol­
lt:rl IJy 1·rpu ls ivc interactions rC'sulLing in a 
simp le two parlicle co lli sion dynam ics . 
I I0ll'<'1·er. the expr riments confirm qualilali­
ve ly thr rr turn to F:n skog dynamics at large 
vo lumes (see Fig. I) although th is process 
srts in later tllan preclictcd IJy computer 
simulation . 

The ~ICT result togclhrr \\'ith the experi­
mental data pre entrd here demonstrate that 
in a simple liquid tile diffusion constan t i 
cleLr1•minecl hy a coupling between single par­
ticle motion and collective mocles. The inl cr­
play of the underlying mechani ms which arc 
go\'rrnPd by a density depe'nclent competition 
of moclc coupling effects leads to a ne\\ 
uncic'rstamling of single particle dynamics in 
simple liquid, on a purrly microscopic hasi •. 
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Origin of negative thermal expansion in cubic ZrW20s: 
a high pressure neutron inelastic scattering study 

• R. M ITTAL, S. L. CHAPLOT, 
( BHABHA ATOMIC RESEARCH CENTER, 

INDIA) 

• H. SCHOBER ( ILL) 

• T. A. MARY 
(INDIRA GANDHI CENTER FOR ATOMIC 

RE SEA RCH, INDIA) 

Isotropic negative thermal expansion 
(NTE) has been reported • in cubic 
ZrW2Oa over a wide range of tempe­
rature T=0.3-1050 K. Our calculations 
of phonon spectra predicted a softe­
ning at P=1.5 Kbar compared to that 
at ambient pressure, by about 
100-200 µeV for phonons of energy 
below 8 meV. This unusual phonon 
softening corresponding to negative 
Gruneisen parameters is able to 
account for the anomalous thermal 
expansion. We report here our recent 
high pressure inelastic neutron scat­
tering experiment performed at the 
IN6 time-of-flight spectrometer on 
the cubic phase of ZrW2Oa at 
160 K and pressures up to 1.7 Kbar. 
Excellent agreement is found with the 
phonon softening predicted by lattice 
dynamical calculations. 

An i otropic negative thermal expansion 
(NTE) ha been reported in cubic ZrW20u 
over a wide temperature range from 0.3 LO 
1050 K (1 ]. The structure of ZrW20s consists 
or a framework of corner linked Zr05 octahe­
dral and W04 tetrahedral units (1 J. The TE 
ha been as ociated with the presence of 
Zr-0-W transverse vibrational modes [I] and 
rigid unit modes [2]. The materia l finds appli­
cations as a component in composites in 
order to reduce the overall thermal expan­
sion near Lo zero. Specific heat [31 and neu­
tron inelastic scattering measurements 
[4] have been reported for cubic ZrW20s. 
The neutron diffraction data show a cubic LO 
orthorhombic phase transition at pressure 
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Figure 1: The comparison between the experimenta l and calculated IicI'centage relative thermal exIianslon In the 
two Iihases. (V1N300· 1) x I 00%. VT and V300 being the ce ll volumes at temperature T and 300 K respectively. 
Experimenta l data : cubic 111 (solid and open circles are neutron scattering and di latometcr data respectively). 
orthorhombic 151 ( olid cIuares are nrutron scattering duta) . 

around 2.1 Kbar [5[ . An anomalous thermal 
expansion is also observed in the orthorhombic 
phase [5[. The Griinei en parameter of the 
wne center Raman modes above 5 meV have 
been determined for the cubic and orthorhombic 
phases of ZrW20s [61. We have reported ear­
lier lattice dynamical ca lcu lation for ZrW20a 
[7] which reproduce the anomalous thermal 
expansion in both the cubic and the orthorhom­
bic phases (F'ig. I). The small sharp drop in 
volume at about 400 K i associated with a 
disordering phase transition. Our calculations 
single out the unusually dominant contributions 
from the transverse acoustic. and librational 
and translational optic modes below 8 meV in 
leading LO a large NTE in the cubic and 
orthorhombic phases. The ca lculations 
predicted that large softening of the phonon 
spectrum at low energies would be responsible 
for TE in ZrW20a (Pig. 2). 

In order w check our prediction of softening of 
phonon mode at low energies we carried out 
inela Lie neutron scattering experiment on a 
polycrystalline sample of ZrW20s in the ener­
gy tran fer range 0-10 meV at 160 Kand 280 K 
and pressures at 0.3 Kbar. 1.0 Kbar and 
I . 7 Kbar. The used incident energy at ING was 
3. 14 meV. therefore the measurements were 
performed in the energy gain mode. The 
sample was compressed using argon gas in a 
pressure cell available at ILL. The inelastic 
neutron scattering signal from argon at each 
pressure and temperature. and the empty cell 
background were also measured for correcting 
the signal from the sample. 
The compressed argon gas and the pres ure 
walls introduce background scattering. The cor­
rected inelastic spectra for ZrW20s at ambient 
pre sure and 1.7 Kbar are shown in Fig. 2. The 
spectra at high pressures show an unu ual 
large oftening. In conformity with the predic-



Lions. the phonon mocles or energy below about 
5 meV soften by about 0. 15 meV. For example. 
at 3 meV. the softening of 0. 15 meV corresponcls 
to a Gruneisen parameter of about-20. At ener­
gies above 6 meV. the shi ft of the spectrum is 
much Jes than that at lower energie . 
This phonon oftening on compression of the 
cry ta l is large ancl unu ual since in normal 
materials the spectrum shifts only slightly to 

higher energies. The experimenta l observa­
tion of phonon softening is in goocl agreement 
with our ca lculations (Fig. 2) . which also 
shows similar behavior. The experiment va li­
dates our lattice clynamica l ca lculation which 
showed th aL the NTE behaviour in Zr\½Os is 
clue to large nega ti ve Gruneisen parameter of 
low energy phonon mocles. 
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Figure 2: Thr comparison between the ca lculated and c~perimcntal inelas tic 
neutron scaur ring spectra for cubic Zrl\'20u. The experimental pectra al p = 
0.3 and 1.0 Kbar fall in between those or p = 0 and I . 7 Kbar. and have not been 
shown here for clarity. 
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The elementary jump in intermetallic alloys 
with CsCI-structure 

• J. COMBET ( ILL & 

UNIVERSITE STRASBOURG) 

• B. FRICK ( ILL) 

The outstanding high temperature 
properties of intermetallic alloys of 
CsOl-structure are related to the self 
diffusion of atoms. A detailed understan­
ding of the elementary jumps is 
essential. Recent neutron backscatte­
ring experiments have shed light on 
the diffusion process through the 
crystal lattice and give support to a 
new model for diffusion. 

lntermeta llic alloys are increa ingl used for 
high L mpera ture applica tion . e. g. in the 
aero pace industry. due to their corrosion 
·tabili t and strength. Their extraordinary 
properti c • at eleva ted temperatures arc 
strongly onnected Lo self diffusion. i.e. diffu­
•ion of the con liLUent • them elves. Th c> 
knowledge of the kinetics on the atomic sca ll' 
in the r ·ysLems permits the control of cru­
cial processes. e.g. different stages of preci­
pitation. and the optimi alion of ma roscopir 
characteristics of these material s. I lowevcr. 
even in intermC'lalli cs with structures as 
simple a the CsCI structure. the mechanism 
of If diffu ion i not yeL fully understood. 
Whil it i generally believed that diffu ion in 
the ·e alloy· happen via jumps to vacant 
sites in the lauice. the naLUre of the jump is 
not yet understood. There exist two pos ibili­
lies which are illustrated in F'ig. I: 

a) An atom A may perform a short jump Lo a 
nearest neighbour site (NN). Thi jump is 
energetica lly expensive insofar a a nearest 
neighbour site in Lhe CsCI structure is a so 
ca llecl anlistructure site. i.e. 'belonging' Lo the 
other clement B. 

b) The A-a tom may prefer Lo stay on its own 
ublatlice (A-sites). In thi s case the jump 
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fllgu r·e I : llnit ce ll of the CsCI structure. Th r red 
sIihm•s represent /I atoms (nickel or cobalt in thr 
present case) . the blue sphere a B atoms (gallium) . 
Thr two possible IumIis for an /I atom arr jumps lo 
\ N silrs (a) 11 hich belong to the 'foreign ' B sublat• 
tier or jumIis to more distant but regu lar NN sites 
(b) . Pica r note that then.' has to br a 1acanc) on 
the targrl sltr in ordl'r 10 allow a jump. 

di ·ta nee is considnably longer. the corres­
ponding jump be ing a jump LO a next-nraresL 
neighbour site ( NN) 

It is obviou • that the preference for one or Lhe 
other jump will be principally governed by the 
ordering energy or the alloy. While inLerme­
Lallic alloys with low ordering energies like 
FeAI \I] favour N jumps. diffusion in com­
pounds with high ordering energies like iAI 
121 is li ke ly Lo happen via N jumps. 
However. an open question remains: What 
happen in intermetallic alloys with interme­
diate ordering energies like NiGa and CoGa? 

These alloys have been subject of exten ive 
sLudie by tracer diffu ion (31 which yield 
ve ry preci c va lues for the long range diffusi­
vitic at va riou compo ilion and tempera­
tures. However. the conclu ion· drawn from 
these data on the microscopic diffu ion 
mechanism are ra ther indirect and some­
tim es contradictory. 

In contrast. quas iela slic neutron sca ttering 
(ONS) allows to measure direc tly the 
elemenuuy jump vector on ingle crystals. 

i.e. to ob erve (/ireclion. lenglh and frequency 
of th , cliffu ive jump in these alloys. Ni tliffu­
sion in iGa and Co diffusion in CoGa arc 
idea l for quasielaslic neutron sca ttering tu ­
dies in t rms of scattering cross sections. 
However. tlw rather slow diffusion in the ·e 
allo s ( I 0 " to I 0 '· m1/s) reprc ents an 
e JX'rimental challenge because it corresponds to 

a quasiela lie broadening of at be t 0. I pe . 

Nevertheless. experiments on iGa and CoGa 1 

single crys tals cou ld be successfully 
performed aL the back ca LLering spectromr-
tcr IN I G. The problem of slow diffusion could 
lle overcome qu ite successfully IJy 
i) carrying out Lhe experiments clo" e LO the 
melting point (- 1450 K) and combi ning mea­
surements or at least 20h per tr mpcra ture 
and sample orienta tion with an optimi ed 
resolution fun ction. A typica l ·pcctrum is 
silo~ n in Fig. 2. 
ii) refining moclcls simul taneously at all single 
cry La l orienta tions for one temperatu re and 
composition which reduces considerably the 
number of fre<' parameters and compensates 
Lhe wea kness of Lhe signal. 

In both alloys a diffu ion proce ·s which 
involves 1wo di stinct Lime ·cales was cletrc­
tcd: bes ides the principal quasielas tic linr. a 
second much broader line is prcsr,nt in the 
signal (Fig. 2). These two Lime scale can be 
attributed to long residence Lime on Lhe 
regular sulllatLice and short res idence Limes 
on the 'forbidden' anlistructure site [ 4 J. Vig. 3 
hows the measured line widths if the fa t 

proce s i taken into account (red) or not 
(green). A compari son with ca lculations (line) 
hows clea rly that diffusion happens via 

jumps to anlistructure sites B ancl that NN 
jumps (to A - sites directly) can be ex lucled. 

Further information on the residence Lime or 
Lile diffusing atoms on the antistructurc sites 
is provided by Lhe intensities and widths of 
the two components. Th ese residence Limes 
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from a Ill with a single Lorentzian (green circles) ca n not he explained by a model assuming jumps on thr regu­
lar sublatti ce . .lumps to antistrurturc sitrs. however. Jl r'Oducc an additional broad line. If this line is sublracted 
fmm the spectra the resulting nar1'0w line (rC'rl) shows a minimum at O - 1.9 A- 1 as expected ror llw NN jump 
model (solid line). Co6-1Ga:l6. 1400 K. 

are very long. which indicates unusually high 
concentrations of thermal antistructure 
atoms - up to severa l percent. These anti­
structure atoms in turn influence the diffusion 

process by decreasing the dcgr·ee of order in 
the system. With these neutron sca ttering 
data we arc able to propose a new model for 
self diffusion in Lhcsc alloys. Prom a comparison 

C 

of jump frequencies from ONS and long range 
diffusivities from tracer experiments. one can 
conclude an unexpected ly weak corre lation of 
subsequent jumps. This indica tes tha t tradi­
tiona l models based on cycles of strongly 
correlated jumps cannot explain diffusion in 
the investiga ted systems NiCa and Coca . 

The neutron resul ts on both alloys, iCa 15 I 
and coca [6]. point instead towards a diffu­
sion prncess which involves more than one 
defect and which leads Lo a practica lly unli­
mited set of possible jump sequences. An ana­
lytica l treatment of th is scenario is naturally 
not possible. Monte Ca rlo irnu lalions. howe­
ver. taking in to account such high clcfect 
concentrations. can explain the observccl dat.:l 
in alloys which are as different as F'eAI or 
NiCa . solely by varying the in ternction ener­
gies. Therefore we believe that the se lf cl il'fu­
sion at high temperatures in mosL in tcrmeta l­
lic alloys with CsC l-structure ca n br explai­
necl within a single ancl surprisingly simplr 
moclel. 
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The nature of ferroelectric transitions 
in Rochelle salt 

• J, KULDA ( ILL) 

• J. HLINKA, S. KAM BA, J. PETZELT 

( INSTITUTE OF PHYSICS CAS, PRAGUE ) 

Inelastic neutron scattering study of a 
deuterated crystal of Rochelle salt 
confirms the existence of a resonant 
mode about 2.9 meV at 50 K which 
softens with increasing temperature 
and becomes overdamped on 
approaching the phase transition to 
the ferroelectric phase. The analysis 
of the inelastic neutron scattering 
structure factors allows us to conclu­
de that this mode's eigenvector 
involves mainly displacements of the 
same three molecules of crystal water 
that were found in recent structural 
studies to show the largest static dis­
placements in the ferroelectric 
distorsion. We claim that this reso­
nant mode plays a central role in the 
ferroelectric phase transition. 

Rochelle salt (RS). se l de SeigneLLe( 1675) or 
the sod ium potasium t.artratc (NaKC4l·J.10G· 
411 20). is the subst.ance in which ferroclec­
tricily was discovered for the first Lime 11 I. 
foreover. it rema ins Lhe only system with a 

re-entrant paraelectri c phase. The C2' 
(1'2111. Z=4) ferroelectric phase is surroun­
ded by the Dz" (P21212. Z=4) paraelectric 
phase. so that there arc two Curie points. 
Tc1 = 255 Kand 'l'c:2 = 297 K. A phenomeno­
logica l explanation of this curiosity has been 
proposed in terms of two interpenetrating lat­
tices I 2.3 1. However. an exact knowledge of 
tlH' structure of the individua l pha ses and a 
microscopic underst.anding of the transition 
mechanism remained an open problem up LO 

rrcently. 

Although Lhe structure of RS in its high 
temperature paraelectric phase has been 
known since the I 940's, the structure of the 
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ferrorlectric phase followed more than 
30 yea rs after and. even then. the limited 
accuracy of the results did not permit more 
than to speculate on the possiblr structural 
changes. Only in th e last decade high preci­
sion X-ray data 14.5 ] converged to a more or 
less consistent picture Wig. I) according LO which 

• the struc1ures or thr high-trmprraturr (I IT) 
and low-temperaturr (LT) paraclectric 
µha scs arc different. mainly because nf the 
positions uf three c1·ys t.al water molecu les 
OB. On ancl O I[) 

• Llw ferroelec1ric pha se is an 01·dered so lid 
solu tion in which layer uf lhc 11'1' anli I :r 
phases alicrnalc along the b-axis. 

C b 

AL the same Lime dielectric measuremrnls . 
far infrarcd and Raman spectroscopy 16.71 
have proved Lhe existence of a mode with a 
frequency of about 22 cm ' (2. 7 meV) at low 
Lemperalllres. becoming soft and ovcrdamprd 
when approaching T1. A relaxational mode in 
the GHz range has been found to complement 
Lhr soft mode - a fea ture typical for systems 
on the cros over between order-clisorder and 
clisplacive nature of the phase transition. 

In an at1empt LO elucidate the relations l1 ip 
between the structura l and spectroscopic 
resu lts we have used the IN3 ancl IN 12 u•iple­
axis spectrometers at the ILL to perform neu­
tron inelastic scauering experiments on a 
partially tleuteratecl single crystal of RS 181 . 

a . , 04 • 
OlCl C2 • 

Na 

07 

• 

• • 
Figun· I : Thl' crys lal structUI'(' or Rochl'llc sail .. The arrows indicate the main llisp lacements or cryslii l wall'r 
molecules in the sol\ mode of 2.9 meV. On entering the ferroelectric phase at Tc I lhe orange oxygen aloms star! 
to occupy progressively lhc IIT posilions (displaced along their orange arrows). wh ile the ollH'I' half 
(lhc lurquoise ones) rests in lhe IJI' 1wsi lions. Their dis1ilacement (opposite to the LUrquoise arrows!) follo1 
only when all the "orange" posilions arc occupied. 



lnclercl a nat optica l cl ispersion brnnch is rea­
clily observccl at 2.9 meV with an anoma lous 
shi ft clue to dcuteralion ob crvcd previously. 
As seen by comparing both parts of F'ig. 2. its 
evo lution \\'ilh temperature close ly follows 
the behaviour expectecl on the basis of pre­
vious clielectric experiments 161. The mo. l 
important con equence or this observation is 
that the cigen ector or the phonon clocs not 
change signifi cantly with temperature. 

One of the essentia l adva ntages or coheren1 
inelastic neutron sca llcring is that. in analo­
gy to conventional cry, Lallography. the inelas­
tic structure factor provicles information 
ahoul the phonon disp lacement patt ern 
(eigenvecLOr) . We llaw lhereforn collected 
intensi ty data for llw soft mocle in a numl)('r 
or Hri llouin zones in orcler to identify till' 
atoms that play a prominent ro le in Ille fer­
roelectr ic pha se· transition s. This pal'l of llw 
expe riment was ec11Tircl out on llw IN:l ther­
mal IJeam T/\S. prnvid ing access lo a more 
extenclecl r'ange or momentum transfrrs. 

mong thr clata from allou1 .JO Hrillouin zone's 
the slronge. l signal is observed in the !050 1 
and 18001 zones. The 10501 Bragg rrrit'Ction 
in the paralr lrc tr ic phase is forhidclen by the 
21 . crew a:-.i.. The 2.9 me\ mode. breaking 
thi s symmetry. so ftens mHI grt • mcrrlampcd 
at Tei . whrrc the family or !OWi (k ode!) 
renections. recognised as the fingerprint or 
the rrrroelcctric phase. appea rs. Thr Bragg 
in lensi ly of the [Q;iOI. the· ·trongesL one or the 
fami ly. l1as bren found hy Sh iozaki 191 to lw 
exac tly proportiona l to the square of thr 
electric polarisa tion r-· - thr order parameter 
or lhr ferroelectric pll ase. an in triguing 
finding because Lill' elrctr ic polarisa tion i: 
parallel Lo tlw a-a,,is. Our deta iled anal}sis or 
the contribution, or the dirfrrent atoms to Lhf• 
crystallographic structun° factor revea ls that 
the 10501 Bragg intensity is essrntia lly clue to 
the oxygcns of the crysta l water molC'culrs 
Oo and 010. A similar analys is of the . lructu­
re fac tor in the 800 Hrillouin zone re,·c·als an 
antiphase mo\'cmrnt or lh<' 011 and 010 ,, ater 
molecules (1-'ig. I ). IL i important to note that 
all the 08 molecules mm r in phase so thal 
their cli placement ran moclif} the elec tric 
pola ri sation of the corresponding layf'r. From 
the facl that th r soft mode cigf'n\ ector dors 
not va ry wi th tempC' r'a lu r'l'. we may co 11clutle 
lhal lhr three \\'clll'r rnolcrnlrs 011. Ou ancl 
010 play lill' most important ro le llolh in lhl' 

son mode displacement pattern below 
TC1 ancl in the ferroelectric cli storl.ion. 
~lorcovcr the fac t that Shiozaki's 
result 191 has been obtained with X­
ray practically exc luclr • any contri­
bution of hydroge n atoms and 
confirm the clisplacive character of 
their movement (no water molPcule 
reorientation). 

The information on the cigcnvcc lor or 
thr rrsonant mod<'. which we have 
obta ined from the above analysis of 
the incla tic scauering inl<'nsities. 
provides a link betwren the previous 
spectroscopic and crystallographic 
results and IC'acls to the following sce­
nario for the pha c transition al Tc: 1. 
The wa ter molecu les 0!1 and 010. 
invol\'C'CI toge th er with On in the 
'.z.9 mcV lattice mode. vihratc in a 
cloulllc ,, ell potent ia l. With increas ing 
1rmperaturc tl1is moclc becomes pro­
grrssi\l'ly dam peel h lhri r r , cu rsions 
inlo the sha llow \\ 'Cli . Tc:1 C0l'l'('S j)Oncls 
10 the temperaturr al which . ome of 
1hr nrw positions tart LO lie occupied 
permanently. It appears that an alter­
nating occupation of I IT ancl LT pos i­
tions in layers perpendicular LO th(' b 

axis is r.nergr lica lly favourable. This 
ordering breaks the scrc,, axis sym­
metry along h ancl is responsible for 
the difference in the elec tric dipole 
moments in Ill(' two halves of Lhc unil 
ce ll arising clue to different On pos i­
tions. As a resu lt. the crys ta l exhillil s 
spontaneous elec tric po larisa tion in 
the temperature range up to Tc~. 
,, here also the second half of the 
,, atrr molrcule (turquoise in Fig. I) 
ha passed into the high tem perature 
po ilions and Lhr 21 se re,, a,is symnw­
tr:i along b is rc-estall lishecl. 
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Thermostability of proteins: 
How thermal equilibrium fluctuations 
contribute to protein stability 

• J. FITTER ( FZ JULICH ) 

• R. HERRMANN, N.A. DENCHER 

(TU DARMSTADT) 

Thermozymes, which are stable and 
optimally active at elevated tempera­
tures (60°C - 125°C), play a significant 
role in many biotechnological applica­
tions like diagnostics, waste treat­
ment and paper industry as well as 
starch-processing industry. A key to 
elucidate the molecular mechanisms 
of this remarkable thermostabllity is 
to understand the role of structural 
fluctuations for protein stability. The 
time-of-flight spectrometer IN6 offers 
a powerful tool to monitor these local 
conformational picosecond fluctua­
tions of protein structures in solution. 

Biologica l polymers li ke proteins are characte­
ri ed by complex and hierarchica lly organised 
structures. One of Lhc most remarkable pro­
perlie of these molecules is the fact that a 
protein polypeptide chain (in aqueous solvent) 
genera lly fold only into a sole three dimen­
sional conformation. On ly th is unique fold 
ensures that the protein will operate. On the 
other hand. this conformat ion exhibits a 
marginal stability. equivalent Lo the energy of 
a few hydrogen bonds. The conformational 
stability. defined as a free energy change 
6Gunr for the Lran iLion folded state - unfol­
decl state. is in the order of 30-60 kJ/mol at 
room temperature [ I J. The biological signifi­
·ance of the relatively low 6Gunr is Lhe requi­
rement for a ~ ell balanced compromise bet­
ween rigidity as a prerequisite of specificit 
and ne ibility ensuring a proper function of 
the protein. The deta ils about the phy ·ical 
nature of this balance and how proteins 
achieve this ba lance even under very different 
cnvironm nta l conditions. like ex treme 
Lrmperatures. stil l arc unclear. 
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Figure I : Cry ·tat tructure of the thermostable 
a-amylase from Bae'. lichcuiformis (PDB-entry: I BLI). 

Conformational nexlbiUty can stabilise 
Uw rolded state 
A promising approach to investigate the 
underlying mechanisms of protein stability by 
concurrent functiona lity, is Lo compare pro­
te ins which are adapted LO very different tem­
peratures. ProLCin adapted to extremely high 
temperatures. known a, thermozymes. arc 
produced by thcrmophilic or hyperthermophi­
lic organisms (living at Lrmperatures ranging 
from 70 °C lo far above 100 °C) .The remain 
folded and functional at eleva ted tempera­
tures. and the are often less aclive at lower 
t.cmperalurc •. In contrast to this. their me o­
philic homologucs (adapted Lo moderate tem­
perature·) keep their specific conformation 
ancl their functionality only up lo approxima­
t ly 60 °C:. Besides ome structural propcn ies 

which have been related to increased thermo­
stabi li ty (e.g .. add itiona l hydrogen bonds and 
sa lt bridges. ·horter loop region s. increased 
internal hyclrophob icity). dynamic featu res 
play also a crucial role for therma l adaptation. 
Therefore. we have tudied thermal equil i­
brium nuctuations of a mesophilic and a ther­
mostable a-amylase J2J. This enzyme cata­
ly e the cleavage of glycosidic bond in 
starch and related ca rbohydrate (sec Pig. I ). 
Since Larch is best soluble at high 
temperatures. thermo table a-amylases play 
a ke role in indu trial hydrolysis. In a fir t 
comparative analysis of conformational 
nuctuations. we have applied neutron spectro­
scopy to highly concentrated protein solutions 
at room Lr mperature. Incoherent neutron 
sca ttering from about 3.400 non-exchanged 
hydrogen atoms (enzymes were dissolved in 
D20) . di tributed quasi-homogenouses over 
the whole structure of each a-amyla e mole­
cule. gives va luable information about structu­
ral nuctuations with amplitudes in the range 
of 0.1 nm and on the picosecond Lime scale 
(see J<'ig. 2). To our urpri e the comparison of 
conrormational nuctuations in both enzymes 
revealed a higher conformational nexibi lity or 
the Lhermostable enzyme as compared to the 
mesophilic coun terpa rt (see Fig. 3). Most of 
the previous studies ana lysing protein ther­
mostability indica te that thermoenzymes are 
less fl exible as compared Lo their mesophil ic 
ana logues. I L is assumed, that one of the main 
effect of these stabilisation fea ture is to 
increase the rigidity of the protein structure. 
The r clue d conformational nexibility of loop 
regions. of secondary structure elements. or of 
the core region is upposed to make the pro­
tein tructure less susceptible to thermal 
unfold ing I 3.4 I. On the other hand. tructural 
nexibility observed through equilibrium nuc­
tuations contribute· to the entropy change 
t.S during unrolding and may have a proround 
influence on the free energy change 
(6Gunr = 611 - Tt.S). Genera lly, the unrolded 
sta te exhibits a higher conformational entropy 
as compared Lo the raided sta te. 
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Figure 3 (a ): lnrol11·11·111 m·uLron sca ttering speclra as mrasur·r cl for IJolh a -amylases al :JO ' C (solvent scallcring sublraclL'Cl ). 
The fi i:un· reprrsr nt s an enlargement or the quasir laslic scattering dur t.o stochastic motions in a -amylase. In this window 
the quasic· laslic scallering is about 10% larger for the thr rmostablr enzyme as compared to Lhr mrsophilic analogue. (b): The 
rnodcllit or elastic incolwrt·n t structure factors Au as ,J runcl ion or momentum transrr r Q also indica lcs a higher conformatio­
nal n<'xibii ity of th t· thrrmostable enzyme. 

Therefore. ou r· results incl ica te U1at the higher 
conformational fl cx ilJi lity or the folclr cl . ta lr a 
ollse rvcd for U1e thcrmostable enzyme is rela­
tn<I to Lilt' smaller· entropy change 6S. wh icl1 
ravours the folded state. Very recently. we 
have obta ined re ulls measured which a-amy­
lase at higher tempera tures and enzymes in 
the un folded sta le which support the icl ea that 
Lile m chani m of entropic stabilisa tion plays 
an import2nt role for U1ermost2bil ity in the 
case of a-amyla e 15). 

alrea ldy provided some hin ts to questions 
about the role or protein dynamics in the 
functiona lity or these molecules. We have 
shown that in addition neutron spectroscopy 
offer a promising approach to answer another 
important question: how do proteins achieve 
their stabi lity under very different or extreme 
environmental conditions? Thi question is or 
enormous importance for many biotechnological 
applica tions. 
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How ATP induces structural changes 
of an archaeal chaperonin 

• I. GUTSCHE, M. ROSSLE, H. HEU MANN, 

W. BAUMEISTER (MPI FUR BIOCHEMIE, 

MARTINSRIED) 

• J. HOLZINGER (MPI FUR BIOCHEMIE, 
MARTINSRIED & ILL) 

• R.P. MAY (ILL) 

Chaperonins are double-ring protein 
folding machines fuelled by ATP bin­
ding and hydrolysis. Conformational 
changes upon ATPase cycling of bac­
terial chaperonins have been revealed 
mainly by means of cryo-electron 
microscopy and X-ray crystallogra­
phy. For archaeal chaperonins, how­
ever, these methods have as yet failed 
to provide a correlation between the 
structural and the functional states. 
Small-angle neutron scattering expe­
riments on D22 have given us an 
insight into the regulation of the 
Thennoplasma acidophilum thermo­
some by adenine nucleotides. 

One or the central problems in structural bio­
logy is to understand how proteins. synLheti­
sed as linear chains or amino acids. acquire 
their functional three-dimensional conforma­
tion. Over the past decade. it was rea li ed that 
cellular protein folding critica lly depends on 
the assistance or a sophisticated machinery, 
for instance by so-called chaperonins. These 
essential multi-subunit protein assemblies 
exist in all three 'kingdoms· of life: bacteria. 
eucarya (higher organisms) and archaea 
(whose genome manifests both bacterial and 
eucaryotic features) . 
Chaperonins are double-ring structures with a 
central cavity that provides a compartment for 
ATP-driven folding of proteins. Binding and 
hydrolysis or ATP are thought to switch the 
chaperonins between an acceptor state. in 
which the cavity is open to receive an unfolded 
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or a misfolded protein (' ubstrate"). and a fol­
ding-active state. encap ulating the ubstrate. 
The exact relationship between the nucleoti­
de-bound sta te and Lile conformation or Lhe 
folding machine has on ly been established for 
the bacteria l protein GroEL [ 1 ]. However, iL 
has still to be elucidated for Lhe eukaryotic 
chaperonin and thei r simpler archaeal ana­
logues known as thermosome [2[. 
In the bacterium Escherichia coli. chapero­
nins consist or two major molecule . GroEL 
and GroES. GroEL can be de cribed as a hol­
low cylinder formed by two heptameric rings 
(""double donul") . The co-factor GroES forms 
a cap that binds on top or the ATP-loaded 
GroEL to seal orr the folding compartment. As 

for the thermo omes. they function without a 
G roES- like cofactor. How? The mechanism 
remained enigmatic until two structures or the 
archaeal Thermoplasma acidophilum were 
pub li shed. one obtained by cryo-e lectron 
microscopy [ 3] and the other by X-ray cry ta l­
lography [4 ]. The di fference between the two 
was amazing - the same protein appeared 
cylindrica l in vitrified ice. but spherical in the 
crystal (Fig. l ). A transformation of one struc­
ture into the other requires a rotation or the 
outer regions or all subunits. Hence. it was 
realised that the thermosome possessed a 
bu ilt-in lid instead of a detachable cofactor. 
Therefore. by analogy with the GroEL/GroES 
sy Lem, the lhermosome wa propo ed to be 

GroEL/S 

-~'i-4· 
+ 

ATP 
binding 

ATP 
hydrolysis 

Thermosome 

Pigure I: Conformational rearrangements or GroEllES and thermo ome as propo ed on the basis or cryo-clcc­
tron microscopy and X-ray er t.allography. One ring or the chaperonins is shown in red. the second In ye llow. 
The cofactor GroES i shown in green. ote. that both the left (cryo-electron microscopi ) and the right (X-ray 
cry t.al) tructure or the thcrmo ome were solved in the ab ence or nucleotides. 



open in the absence of nucleotides. whereas 
the crysta llisation conditions were presumed 
to have trapped it in a Folding-active state. In 
solution. this sta te was postulated to occur 
only upon ATP binding [5]. Paced with conflic­
ting data or cryo-electron microscopy and X­
ray crystallography. we decided to verify these 
hypotheses with a third. independent tech­
nique. and cho e small-angle neutron scatte­
ring. This method provides information about 
the overa ll structure and conformational 
changes or macromolecules in solu tion. where 
physiologica lly relevant conditions can be best 
approached. The experimental scattering 
curves were interpreted in terms of the pair­
distance distribution Function, p(r). which 
gives the weighted frequency or occurr·ence or 
distances between the elementary scatterer 
within the particle 161. 
F'irst of all. we recorded the sca ttering curve 
of the thcrmosome in the absence or any 
nucleotides. ca lcu lated the corresponding 
p(r). and compared it with the p(r) Functions 
deri ved From the cryo-electron microscopic 
and the crysta l data. In this way, we cou ld 
show that in solution. in the absence or 
nucleotides. the conformation or the thermo­
some is well renected by the open structure 
observed in vi trified ice. 
Although the archaeon Thermoplasma acido­
philum thrives on ly at 55 to 59 °c in hot sul­
phur springs, our biochemica l [71 and small­
angle neutron scattering analyses demonstra­
ted that the thermosome From this organism 
could bind nucleotides (ADP. ATP or non­
hydrolysable ATP analogues) already at 1 O 0 c. 
The ampli tude or the resulting conformational 
change was the same in the range or 1 O to 
55°C. and only the rate of ATP hydrolysi 
decreased with tempera ture. 
Our results on the structural rearrangements 
of the thermosome during the reaction cycle 
are summarised in F'ig. 2. Surprisingly. ATP 
binding does not induce a closure of the cha­
peronin as anticipated from the analogy to 
GroEL/GroES system. On the contrary, the 
thermosome seems even to expand a bit fur­
ther. Then, it hydrolyses the nucleotide, pro­
ceeding through a transition state of nearly 
identical structure, and closes subsequently 
upon relaxa tion into an ADP-Pi species with a 
low affinity for inorganic phosphate. This clo­
sure represents the rate-limiting step of the 
cycle in the absence of denatured substrates. 
The release or phosphate triggers the re-ope­
ning of the chaperonin. 

Th-ADP-Pi 
r. A 

I 
J 

Th-ADP-P 

, rate-!:!~~riting _,,,, 
~ 

Figure 2: Model for the ATPase cycling of the thermosomc based on small-angle neutron scattering data. 
Conformations of d11Tcrent nucleotide-bound pecies arc chcmaliscd and colour-coded in accordance with the 
experimental p(r) functions. presented In the middle of the ligure. 

In order to mimic the transient hydrolytic 
intermediates ADP-P and ADP-PL we incuba­
ted the stable ADP-thermosome with AIF'n, 
known as a phosphate ana logue with higher 
affinity and slower dissociation rate, and with 
inorganic phosphate, respectively. We verified 
that the closure or the thermosome. observed 
in ADP-Pi conditions. could not be triggered by 
phosphate ions alone, in the absence of ADP. 
Remarkably however. we found out that such 
a closure cou ld be artificially induced in solu­
tion by the buffer used for thermosome crys­
tallisa tion. which contained high concentra­
tions or sulphate ions. 
In conclusion. small-angle neutron scattering 
unravelled the reasons or the difference be­
tween the thermosome structures in the crys­
tal and in vitrified ice, and gave us a first 
insight into conformational rearrangements of 
an archaeal chaperonin in solution upon ATP 
binding and hydrolysis [8] . The next step 
would now be to address the cycling of these 
folding machines in the presence or their cel­
lular substrates. 

Glossary: 
• Adenine nucleotides. a class of molecules 
containing an adenine base. like ATP or ADP. 

• ATP. Adenosine triphosphate. a molecule 
serving as energy source in biologica l 
reactions. 
• ADP. Adenosine diphosphate. degradation 
product or ATP. can be reconverted into ATP. 
• ADP-P, transiLlon state of hydrolysis or Adenosine 
triphosphate. 
• ADP-Pi. second transiLlon state of hydrolysis or 
Adena ine triphosphate. where the inorganic 
phosphate is not yet released from its binding site. 
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Formation of DNA-cationic vesicle complexes 
investigated by time-resolved small-angle 
neutron scattering 

• R. P. MAY ( ILL) 

• P. C. A. BARRELEIRO, T.D. LE, B. LINDMAN 

( LUND UNIVERSITY ) 

DNA and cationic vesicles form com­
plexes that are promising candidates 
for gene therapy. The reaction be­
tween DNA and cationic vesicles was 
followed in the time range of seconds 
using the high flux small-angle neu­
tron diffractometer D22. Different 
contrast conditions were used to exa­
mine the complexes as a function of 
charge ratio and membrane fluidity. 
Our experiments reveal that the for­
mation of the complexes occurs in 
two steps, with characteristics times 
of about 10 and 50 s. These findings 
demonstrate the potential use of 
small-angle neutron scattering in the 
elucidation of structure and associa­
ted mechanism of fast reactions. 

In the last rew years gene therapy has attai­
ned considerable interest. Gene therapy 
involve the imroduction and expression or 
recombinant genes in cells. lls purpose is to 
cure the cau e or a disca e while the traditio­
nal therapies orten are limited lo treat the 
symptoms of a disease. In gene and oligonu­
cleotide therapy. the weak link is not the gene. 
but the vehicle used to cleliver lhe gene. e. g .. 
the ability or the vehicles to transporI the gene 
insid the cells efficicntl . sa rr ty and repra­
led ly. The mo t efficient gene tran. rer vectors 
currently in use are viruses that involve com­
plex Lechnologie and suffer rrom evC're limi­
ta tions. Artiricial etr-as. embling vector . ror­
med by lh complexation or cationic lipids 
and/or polymers wilh D A. are current! 
lleing studied ror Iransrection. These non-viral 
carriers appear prom ising because or thrir 
simplicity. apparent lack or immunogenicity 
and in rlammatory response. larger ca rrier 
ca pacity ancl high rusogenic potential. A major 
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F'igurc I : 11mr-rc. ohrd scaLLC'ring inlrnsily during Lhr formation or Di\A-calionir l'esirle romple\es in a 
DODAB:DOPE (I: I J/D~A mi:-Lure at a charge ratio or po8i ti~c to negative charges or 2. 98% 2H20 and 23 •c. 
Interesting observations arc tha t the neutron intensity rlccrca. e for IOI q. and the Bragg 11cak a1>pcarancr al 
Q - 0.09 : ·• for limes larger than 50 s. The initial counting lime was I s ( I O runs summed up) . 
with an expon<•ntial lnr rcas<' or 1.05:l. 

drawback is their low transrection efficiency. 
The key ro le or lhC' ca tionic lipid is to proviclc 
an electrosta tic allraction between lhe vesicle 
and the D A molecule. Th(' inlroduclion or 
neutral or v.1ittcrionic lipid in the ca tionic 
vesicle ha been shown lo increase Lhe trans­
feclion efficiency or the complexc. in different 
ce ll lines in 1ilro a well as in 1•i1 0. llowever. 
their role is not well under tood. Despite the 
increasing number or publ ica tion describing 
the structure and morphology little is known 
abou t the L11ermodynamics and kinetics of the 
formation or D A-cationic lipid vesicle com­
plexes. The knowledge or the mechanism or 
the complex ro rmation is an important step ror 
the improvcmenl or gene lllerap efficiency. 
\Ve have combined small-angle neutron cat­
tering (SANS) with a "slopped-now" appara­
Lu . in which two solutions are injected rapid­
I into a m<'asuring ce ll . to invcsligate lhc 
structural cha nge occurring upon the interac­
tion or D A with ca tionic vesicles. A key 
advantage or lhr SANS technique is the abil ity 
to ad just thC' con, rnst in s11ch a way that one 
component can lw monitored al a lime. ncler 

different cont.rast conditions. we monitor lhc 
timc-clepenclent structura l change a a func­
tion or the charge ratio and membrane nuidity. 
The pre ent lim -resolved experiments. which 
are lacking in the literature. exa mine lhr time­
clep ndent structural change that is usdul ror 
ruture development and biological applica­
tions. Ve icles compo ed or a mixture or a 
ca tionic (dimcthyldioctadecylammonium bro­
mid ) and a neutral lipid (1.2-dioleoyl-, n-gly­
cero-:3-phosphatidyeLhanolamine). are trans­
formed in to multilamellar structures upon 
DNA addition. as shown by sma ll-anglr X-ray 
I 21 and neutron sca ttering experiments per­
rormed in our group. 
The kineli • c· periments were pcrrormed by 
rapicll mixing equal olume or olulion 
containing ca tionic vesicles (200 nm diame­
ter) and DNA (length 2000 base pairs) ancl 
measuring the limr evolution or the ·cauc ring 
vector (O)-clepcndent sca Ltered intensity. 1(0). 
The prncess was observed ror a total or about 
(i00 ~ usi ng exponential expo Lll'e Limes. i.e .. 
the initial 2D spectrum was recorrlrd ror I s. 
and . ulJsrqu<·nt spectra wcr(' recorclecl ror a 
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Figure 2: Scattering intensity from Fig. I for selected limes at low Q. 'limes are. from top to bottom . (♦ ) 0 s: (T ) 
2 S: ( e ) 3. 1 S: ( ♦ ) 4.3 S: and (• ) 6.8 Sat 25 °C. 

duration or 1.053 times the preceding one. For 
improved sta ti stics. each reaction was repea­
ted 1 0 times. and the respective runs or each 
sample were summed up and ana lysed. An 

vesicle complex show the existence or clusters 
where the ves icle are derormed at the 
contact regions but are not rupLUred. The nat­
tening or L11 c bilayers is caused by the addition 

Clusters of LU\lcoated with D A 

~ ~! mm:~•o•d• iJ!_·. 0 sec::ds cxm~ ~ u .-~ -- ~ _. 
0 

.,.~;,;, , 

'{(,-~ C aN"""'..AA / 

Large Unilamellar Vesicles ~· 0 t3 

~ ~ minu.., 

Multilamellar Complexes 

Figure 3: Schematic representation or the formation or DNA-cationic vesicle complexes suggested From cryo­
TEM. topped-now turbidity and small-angle neutron scallcring experiments. 

example or ca ttering curves obta ined from a 
time-resolved small-angle neutron sca ttering 
experiment is shown in Fig. 1. The SANS 
intensity at low O decreases with time till 
t - I 0 s as is shown in Pig. 2 for times up to 
6.8 s. This decrease comes from the mixing of 
the vesicles with DNA. since no change was 
observed when mixing vesicle, with water. 
Cryo-TEM measurements on the DNA-ca tionic 

of DNA. The "hump" at O = 0.025 l 1 is in ter­
preted as an intermediate occurring while for­
ming Lhe mulLi lamellar complexes. The Bragg 
peak aL O = 0.09 A' corresponding to an in ter­
lamellar spacing or 68 A. arises from lipid 
bi layer domains in the multi lamellar com­
plexes and only appears after -50 s. The 
"hump" aL O = 0.025 A' becom s less pro­
nounced as the Lime progresses. The two cha 

racteristic times (10 sand 50 s) suggest LhaL 
the reaction occurs in at least two steps. The 
first time constant is attributed to Lhe cluste­
ring of vesicles with DNA adsorbed on Lheir 
surface: it has been independenLly confirmed 
by stopped-now turbidity measurements per­
formed in our laboratory [3J. The second time 
constant is made evident by the Bragg peak 
appearance. It is attributed to the reorganisa­
tion of the complex. resulting in the formation 
of multilamellar structures (Pig. 3). The fact 
that we do not observe the lower rate 
constant in the turbidity measurements ind i­
ca tes that the rearrangement of the complex 
may occur without a significant ize increase. 
A very fa t time constant in the millisecond 
time range. observed by stopped-now. turbidi­
ty and nuorescence I 3 I. was auributed to the 
binding of DNA to cationic vesicles. 
The applicability of sma ll-angle neutron scat­
tering to probe the structural evolution during 
the DNA-cationic vesicles in teraction in di lu te 
olutions is demonstra ted in this reporL. The 

combination of small-angle neutron sca tte­
ring. turbidity and cryo-TEM mea urements 
has given us the relevant time-sca les for the 
different stages of the complex formation as 
well as Lhe structures of the different interm e­
diates. 
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Slow relaxation process in DNA 
at different levels of hydration 

• A. P. SOKOLOV AND A. KISLI UK 

( UNIVERSITY OF AKRON, USA ) 

• H. GRIMM () FF, FZ JULICH ) 

• A. J. DIANOUX ( ILL) 

Sharp increase of atomic mean-squa­
red displacements observed in hydra­
ted bio-polymers at temperatures 
above T ~200-230 K is usually ascribed 
to a dynamic transition. The nature of 
the dynamic transition is not yet clear 
but it is suggested that the dynamics 
transition is an important factor in 
enabling the protein's functions. 
Inelastic neutron scattering experi­
ments have shown that the transition 
in DNA is related to the appearance of 
a slow relaxation process. Decreasing 
the hydration level suppresses the 
process and the dynamic transition. 
The decrease in water content is equi­
valent in terms of dynamics to a 
decrease in temperature. These 
results support the idea that the dyna­
mic transition is mediated by the 
water of hydration, since bulk water 
has a dynamic transition around the 
same temperature. 

Oriented Li-D1 A-fibcr •. hydrated with D2O 
Lo different levels (8 I%. 75% and 11 %). 

have been studied on the limc-of-rlight spcc­
tromrtc r I 5 at the ILL. Incoming neutrons. 
of two different waw lengtll s (5 and B A) . 

were usecl in order 10 cover a sufficiently 
broad energy range. Tlw quasiclaslic intensi­
ty drmonstrale a strong increase al T above 
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Th!' slruClUI'(' or lhC' most C'0llllTI0ll rorm or lhC' l) '-ll\ molrcul C' (B form) . © CNRS. 

~200 K for samples with high humidity leve l 
and a gradual increase for the "dry" sa mple. 
These results are similar Lo many previous 
ob ·ervalion obtained on bacteriorhodopsin '. 
myoglobin' and other bio-polymcrs. They 
reflect a genera l trend in the drpendence of 
the dynamic of bin-polymer on 
temperature and humidity. 
In order Lo empha izr details in the quasie­
las lic spec tra. imaginary part of the suscep­
tibility is shown in F'ig. I. 'l\vo processes can 
I.Je readily identifi ed: the "fast" one i.lrnl dom i­
nates the spectra at v> I00 Cll z ancl the 
"slow" one th at clomina1es the response al 

v< I 00 Gllz. The lauer exhibits a strong 
clepencl<'nce on both T ancl relative humidity. 
On ly the fast process is present at the lowest 
temperature and the quasielaslic con tribu­
tion to the spectrum in clry sample is stron­
ger than in the samples with higher humiclil 
Wig. I ). 'llli l~Ls lhal a clecrease in water content 
incrca flcxibilii;Y of the DNA molecule at lo\\'er tem­
JX'r'8lures. 
111c situation changes at higher tcm1x-ra1u11?S. Dislincl 
clifli::1-enc(:~clevflopat T -2;j] K i.e. just above U1e dyna­
mic transiUon: a decrease in U1e liumicli~ level 
tlcx;rcascs U1e ncxibilily of DNA ancl is similar to a 
clccrrnse in tcmr,erawrc. 
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Figure I : SUS('Cplibilil y spectra or DN/\ sampll'S .J I I 1% l'.h. (symbols) , 751¾, l'.11 . (solicl llnc•s) ,IIHI B 1% r,h. 
(clashed line) . 

The 111osL imporI anI observation in llig. I is 
Lile absence or the slow process in Lile spec­
Lra or the "cir .. sample. l~ven at the highest 
Lr mprraLU rc· s. T-320 K. on ly the tail or the 
fasL process is evidenl at. v< IOO GHz. The 
fast prncess gives aharmonic contribution Lo 
<X'> observccl as an increase or Llie quasie­
lasLic intensity rven in Lhe dry sample. 
I lowcvcr. thi s aharm onicity is wea k. This 
result suggests that Lhr sharp ri se or <X'> at 
tempera Lures above -2 1 O K ror the two 
·\ve t" samples is rclatccl LO L11e slow process. 
Thus the drcrra r of the humidity level does 
noL suppress in aharmonicity in genera l but 
supprrssc the particular slow process. The 
naLUrr of Lhc slow process in bio-polymer • is 
noL known. Our data clea rly inclicaLc that the 
process is rclatccl to an intrinsic rclaxa tional 
motion or D A molecule (the conLribution or 
D:iO to our spec tra is negligible in 
comparison with the contribution of D A 
protons). We ascr ibe Lhal proces • LO 
cooperative motion of man D 1A's monomer · 
where all parts or the molecule. backbone 
and base-pairs. are involved. 

The ohsc·r, rd dependence or the dynamics on 
the leve l or hydration supports the iclea of a 
strong inrlucncr or Lhe so lvent in bio-polymcr 
dynamics. In particular. it supporl s our 
prev ious speculations' that Lile clynamic 
transition observed arou nd 200-230 K can be 

r·r latrrl to l11 c dynamic Lr·a n •itiun in bulk 
water' observed at LIil' same tempcrnturr 
range. Tlw dynamic transition i11 water or 
hyclraLion makes the DN molc·cule more 
rl cx iblr and enable slow conrorrn ational 
variations. That can be important fur opening 
or base-pairs. Thus our results suggest c1 

possible explanation for suppression of li io­
chcmical acLiviLics by changrs in the water 
content: the slow process appears to be 
strongly suppressed by a dC'creasc in water 
content and the varia tions in dynamics 
appear to be similar to the variation ca usrcl 
by a clecrease in temperature [ 4 J. 
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Structure of clay-polymer-salt-water complexes: 
study by HID isotope substitutions 

• J, SWENSON (CHALMERS UNIVERSITY 

OF TECHNOLOGY, GOTEBORG) 

• M .V. SMALLEY AN D H.l.M. HATHARASINGHE 

( UNIVERSITY COLLEGE LONDON ) 

• G. FRAGNETO ( ILL) 

In this report we show how the inter­
mediate-range structure of a complex 
four-component clay-polymer-salt­
water system, consisting of n-buty­
lammonium venniculite, poly-(ethylene 
oxide} (PEO), n-butylammonium chlo­
ride and heavy water, can be detenni­
ned by H/D isotope substitution of the 
butylammonium chains and PEO. By 
comparing the diffraction results of 
the four isotopically different samples 
we can show that a substantial part of 
the polymer chains is directly bound 
to the clay surfaces and that the 
remaining (at least 50%) polymer seg­
ments have a Gaussian-like distribu­
tion in the middle between the clay 
layers. A major part of the butylam­
monium ions are located in a 4-5 A 
thick layer at a distance 12-16 A from 
the centre of the clay platelets. The 
clay surfaces are therefore covered 
by, first, one layer of adsorbed 
ethylene oxide segments and water 
molecules, second, another molecular 
layer of water, and, third, the layer of 
butylammonium ions (1). 

Clay systems are not only a central problem of 
geology and so il science. th ey are also 
remarkably useful as model sysLems in colloid. 
polymer and biological science. Vermiculite 
clay con ist of millions of negatively charged 
para llel ili ca te platelets thaL are held 
together by positively charged counterions 
local d in the inLerlayer region. 
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Pigure I : DilTerencc structu re factor 6 S(Oz) (on dilTerenL scales in (a) and (b)) obtained from neutron 
dilTraction experimen ts on butylammonium vermiculite gels in 0.1 1 salt concentration and a vo lume fraction of 
4% PEO. The upper curves are hlfled verti ca lly for clarity. 



The userulness of the clays as colloida l model 
materials lies in their ability LO swell (up LO 50 
times) in the direction perpendicular LO the 
silicate platelets by taki ng up water. sa lts. 
polymers and other materials in the interlayer 
region. The clay gel formed is an ideal one­
dimensional colloidal system su itable ror stu­
dies or electrostatic interactions and inter­
layer structure in colloidal suspensions and 
polyelectrolyte solutions. 
In the case or the present rour-component 
system with added high molecular weight PEO 
the situation is rather complicated since one 
has LO rind the location or both the butylam­
monium chains and the polymer segments. 
However. due to the one-dimensional nature or 
the complex colloidal y te rn and the use or 
Four i otopica lly different amples (H-PEO 
and H-sa lt. 0-PEO and H-salt. 0-PEO and 
D-salt. H-PEO and D-salt) or each compo ition 
we have for the nrst time been able to deter­
mine the intermediate-range structure of Lhi 
technologically important system (e.g. for sta­
bilisation or drilling nuids and preparation of 
papers). F'ig. 1 hows t!.S{Oz) or these four 
isotope compositions or PEO and butylammo­
nium ions in an 0.1 M butylammonium vermi­
culite gel. where S(Oz) of pure 020 has been 
subtracted from the measured S(Oz). The neu­
tron diffraction experiments were performed 
on the D 16 diffractometer. The vo lume 
fraction of PEO was 4% and the polymer 
molecular weight about 75000. In F'ig. 1 (a) we 
show the low 0-range of t!.S{Oz). conta ining 
four orders of Bragg peaks arising from inter­
platelet correlations. whereas F'ig. 1 (b) shows 
the diffuse scattering caused mainly by clay 
platelet-solution correlations in the higher 
O-range.The distribution of polymer segments 
were determined rrom analysis of the Fourier 
transfoms of the t!.S{Oz) shown in F'ig. 1. whe­
reas the loca tion of the butylammonium 
chains has been modelled by analysing the dif­
fuse scattering and the intensity variation (a a 
function of ordering) of the Bragg peaks. The 
neutron structure faclOr. S(Oz). is related LO the 
neutron scattering length density prorile per­
pendicular to the clay platelets (along the z-axis). 
p(z). via the crystallographic strucll.lre factor. F(O,J 

S(Oz)=M(Oz)F(OzJF*(Oz) 

F(Qt ) • J p(z)[cos(Qz) + isin(Qz)]dz 
0 0 . where c is the clay layer spacing and M( z) Is 

a Lorentzian that takes into account the 
mosaic spread of the sample. Th is essentia lly 
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F'igurc ?- Scattering length density of butylammon ium chai ns in the inter layer region as a funclio~ or rz. T~c 
centre ;i the clay platelets arc located at rz=O and rz=63 . The resul t was obtained from a modelling (sec t c 
text) or the diffraction data shown in Fig. I . 

cry ta llographic description is a method LO 
produce a single particle di Lribution function. 
p(z). rather than a spatially averaged pair cor­
relation runction. G(rz). 
Using this method. by means of an inverse 
Monte Carlo based program which simulates 
the scattering density along the z-axis simul­
taneously for several isotopica lly different 
samples. and the more traditional analysis of 
pair correlation functions. we have come LO 
the following conclusions: 
1. Polymer segments displace water mole­
cules immediately ad jacent to the clay sur­
faces. bonding directly to them by physical 
adsorption. 
2. The remaining polymer segments show a 
Gaussian-li ke distribution with its centre in 
the middle of the interlayer region. 
3. There are no indications that the presence 
of PEO affects the distribution of butylammo­
nium ions. This is evident in F'ig. 2. which 
shows that the majority of the butylammonium 
chains are. as in the case of the corresponding 
three-component system without added PEO. 
located in a 4-5 A thick layer situated just out­
side the approximately 6 A thick layer of 
adsorbed polymer segments and water molecules. 
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Polymeric efficiency boosters in microemulsions: 
a SANS investigation of the polymer's role 

• H. ENDO, J. ALLGAIER, M. MONKENB USCH, 

D. RICHTER ( IFF, FZ JULICH ) 

• B. JAKOBS, T. SOTTMAN N, R. STREY 

( UNIV. KOLN ) 

The boosting effect of amphiphilic 
block copolymers in the ternary 
microemulsion (water, oil and non­
ionic surfactant) is investigated. Small 
amounts of PEP-PEO block copoly­
mer lead to a dramatic expansion of 1 
phase region where water and oil can 
be solubilised by the mediation of sur­
factant molecules. Small-angle neu­
tron scattering experiments have 
made use of a sophisticated 2-dimen­
sional contrast variation technique. 
The results demonstrate that the 
polymer is distributed uniformly on 
the surfactant membrane, owing to 
the variation of the membrane curva­
ture elasticity. 

~l icroemul ' ions arc thermodynamica lly stable 
and macro copically homogeneous mixLures 
of oil and waLcr. 1\here Lhe miscibility 
is mcdiatl'cl by urfactant molecules. 
Micro copica lly the surfactants form an 
('Xtended interracial film . eparating water and 
oil on a local cale. Recently we have discove­
red an enormous efficiency increase of the 
emulsifica tion capacil of the non-ionic sur­
factant n-clecyl-tr traoxyethylene (C 10E 1) by 
aclcling amphiphilic block copolymers of the 
polyc th ylenepropylene/ polye thylenox id(' 
(PEP-PFO) 111. Theoretica lly. a universal mecha­
nism is pmposecl for the enhancement of the 
swel ling behavior. which is clue to Lhc variation of 
the membrane curvature elasticity by polymer 
mushrooms anchored at the inLerfacc 12]. 
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Figure I : Sehr me of the partial scattering functions S,.1. The enough sets of SANS measurements with same com­
ponent but dilT('rCnl contrasts allow to decompose to each par1ial scattering funclion. 

I lere we rrport small angle neutron sca ttering 
(SANS) experiments with a high-precision 
contrast variation technique. which have been 
performed on samples in the bicontinuous 
micror mulsions consisting of equal amounts of 
oil and water. With neutron as probe. the 
contrast va riation techniques based on HID­
replacement can be used Lo modify Lile visibi­
lity of the differrnt components water. oil. 
surfactant film and polymer. 
In bulk contra l. with cleuteratecl water and 
protonatecl oil. Lhe cattering is dominated by 
the three-dimensional structure or the water 
or oil net11ork: contributions from any surfac­
tant Film or polymer ar(' marginal. In principle. 
the loca tion and structure of the polymer in 
the bicontinuous microemulsion can be exami­
ned in a sy tern wl1crc all components e cept 
the polymer have exactly the same scattering 
densities Pi !with i = 11, o. J: p for water. oil. 
surfactant film and polymer. respective ly!: 

i.e .. deutera tecl and protona ted contrasts have 
to be mixrd such that p\, = Po = pr "' pp. 
I lowever. since the scattering from such poly­
mer is about ~ orders of magnitude lower than 
the bulk contrast and 2 orders of mag~itudr 
lower than the film contrast scattering (only 
surfactant proLonated) the required p rfect 
match of the scattering length densities or 
water. oil. and surfactant is practically unfea­
siiJlc. On the other hand. a careful analysis of 
data obta ined clo e to matching point yield 
(among others) the required polymer 
sca ttering runcLions. The scattering intensity 
1(0) is given by 

!(Q)- ,,-~ ) P, - P.)(P, - p.)S,, (Q) 

where S,; is the partial sca ttering function or 
components i and i which originates from the 
interference between i and j. In Eq. (I ). water 
is arbitrarily chosen as the component or the 
systr m that is considered as background, and 



in thi s case the rr levant partial scattr ring 
functions arr So.o. Sr.r. S1,.p. So.r. Sr./1· and S/1.o­
Figurc I presents the partia l scattering func­
tions schematica lly. 
The experiments have been performed at the 
high intensity SANS diffrac tometer D22 . 
Contras t variation around the Iwo-dimensional 
matching point was achieved by stepwise 
increment. adding tiny amounts of protonated 
clecane and protonaled surfactant to microe­
mulsions containing fully cleutra tecl water. oil 
and surfactant and protonated polymer. This 
mea ure allowed to va ry Po and pr in small 
hut defined steps and produced a se t of 15 
samples !11ig. 2J. TIJeir sca ttering claIa were 
then usccl 10 extrac t the six partial scaucring 
functions by inscIting Ille measured intensi­
ties and the contras ts in to l~q. ( I ) and solving 
the ove rcleterminecl se t of equations by 
singular va lue decomposition separa tely for 
each O va iur,_ 
1-'igum :la sl1ows the rrsul t ror Lhe polymer. 
S/l·P· and film . Su. scanering funclions. The 
comparison of Lhr srancring curves indica Ic • 
that the polymer sca ttering Sf).p l'ollows til e 
fo rm of Sr. r for small (J (< 0.02 A'). This 
clemonslrales clearly that Lile polymer "deco­
r-a les" the surfactant film . Because of the clilu­
tion of sca tte ring clrnsity. however. the corres­
ponding intensity is about 2 orders of magni­
tude lower than Lhr purr film -contras t sca ue­
ring. J<'or O > 0. 03 A1• on the other hand. Sp.p 
reflects the sca ttering from the polymer coils. 
The solid line in I1ig. 2a shows a fit Lo the Zimm 
formula [3J. which contains the Debye fun -
Lion and includes the clTcct of second virial 
coefficient Lo account the interactions in the 
interface. Any polymer-polymer aggrega tion 
(micell isa tion) would immediately lead to 
order of magnitude l1igher va lues for Sp.p and 
can be sa fely excluded. The film - polymer 
sca ttering Sr.p. shown in F'ig. :lb exhibits a 
minimum at O = 0.03 A 1. which mainly cor­
responds Lo maxima of the polymer den ity on 
the film surface normal. The solid line is a fit 
of the F'ouriPr I r'ansform of Lile monomer den­
sity including a () ' factor to account for the 
random orientation of the membra ne. The fi t­
ted average encl-to-end radius amounts Lo 
155 A. which compares quite well wi th the 
encl-to-encl distancr Rl'l-.'O = 140 A as determi ­
ned from homopolymer so lu tions: it is much 
smaller than the avrragr bulk-domain size of 
550 A. The experimental results prove that the 
polymer is tethered to the interface. ancl 1.1Ja1. 
"mushrooms" fonned by the l' l·:F' chain in the 
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oil phase and by PEO chain in wa ter are nol 
noticeably influenced by the presence of 
neighboring membranes. 
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Figure 3: Experimental partial srattr­
ring runctions. (a) Sp.p (o ). in rnmpm•i­
son \~ith Sr.r (0 ) and calru latcll polymer 
ro il scattering (solid line): see Ll'\l . (IJ) 
Sr.p (□ ) . which contains thr inlcr'fcrcnrr 
between surfactant film and l'\tended 
pol)mer la)l'r. and nt to the ralrn lated 
intensity (solid line) ror ideal chains 
anchored to a 1i lanar membrane: sec 
tcxl. Note the linc,ir scale of the ordina­
lt' or Fig. 3 (b) . 
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Is the dynamics of counter-ions a probe 
of the microscopic mechanisms of the electronic 
transport in conducting polyanilines ? 

• D. DJURADO, M . BEE 

( UNIVERSITE JOSEPH FOURIER, GRENOBLE ) 

• J. COMBET ( ILL & 
UNIVERSITE STRASBOURG ) 

• B. DUFOUR, P. RANNOU , A. PRON, 

J.P. TRAVERS ( CEA-GRENOBLE ) 

Polyaniline, protonated by an organic 
sulfonic acid, is a new generation of 
electronic conducting polymers. 
Stable, conducting, flexible films 
(conductivity = 150 to 500 Siem at 
room temperature) can be cast from a 
solution. In general, these films exhi­
bit a broad transition from a metal-like 
regime to an insulating one when the 
temperature is lowered. The origin of 
this transition is still debated [1]. 
Lattice disorder is generally thought 
to be responsible for this behaviour 
but the respective roles played by 
polymer chains and counter-ions in 
this transition remain unclear. 
Incoherent neutron scattering tech­
niques have been used in order to 
study the lattice dynamics without 
being obscured by the presence of 
mobile electronic charges. The results 
suggest that the dynamical disorder 
of the counter-ions and the metal-like 
conduction regime are related. 

In the solid ta te. the system under tudy 
consists of polymeric chain separated by acid 
coun ter-ion layers ( ee F'ig. l a). In such sys­
tems the possible sources of dynamica l mole­
cular disorder are numerous and characteristic 
time of lattice dynamics may span a wide 
range of values. By using both the time of night 
pectrometer I 6 and the high resolution 

backsca ttering pectrometer I 16 it was pos­
ible to cover the range of time scales from 
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(a) 

(b) 

0 

Figure I : Chemical formula of components or studied compounds. (a) Emcraldine salt conducl.ing form or polyanili ­
ne. (b) Camphor ulfonlc acid. (c) Di n-pentyl ester or phthalosul fonic acid. (d) Di ethylhexyl ester of phlhasulfonic 
acid. 
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Figure 2: Comparison between thermal variation or electrical conductivity and elastic intensity or (a) polyani­
line/camphorsul ronic acid. (b) polyan iline/cli n-pentyl ester or phthalosulronic acid. (c) po lyanilinc/cll ethylhexyl 
ester or phthalosulronic acid compounds. 

10'0 to 10''3 . In particular. y temaLic measu­
rements of the ela tic in tensity have been ca r­
ried out as a function of temperature. With 
this method any emergence of diffu ive motion 
in the measuring window is easily detected 
since it re ults in a marked lowering of Lhe 
in tensity of the elastic peak. This was readily 
done on I 16 using the fixed window mode 
(Doppler drive sLopped) whi le on IN6. scatte­
red in tensity in the two channels correspon­
ding to the elastic peak maximum was traced 
as a function of temperature. Finally. the dis­
crimination between contributions from poly­
meric chains and from counter-ions was made 
by comparing the results obta ined from fully 
hydrogenated sample and samples in which 
the benzene rings of polyaniline chains wer 
selectively deuterated. The different systems we 
have sLudied are shown in Lhe Figs. 1 b. c. d. 

An initial and som whaL surprising result i 
that in the whole time range probed in Lhe e 
experiments. the polyaniline chains behave as 
tiff. non-diffu ive vibrating object . Thi 

re ult has been confirmed by comparing the 
additional elastic inten ity measured with 
fully hydrogenated samples to that obta ined 
with partially deutera ted one . Accordingly. 
the whole quasielasLic ignal was auributed to 
the dynamics of Lhe counLer- ions. 
Conce rning the camphor sulfonic acid com­
pound (F'igs. 1 a & b) two distinct contribu-

Lion have been found on I 6 and IN16. In Lhe 
dynamic range of IN6. mainly the moLion of 
methyl groups was ob ervecl. Above 300K the 
rotor cou Id be described a one et of equ i­
valenl scaLterers buL. when the temperature is 
decreased. the values of correlation times 
become more and more widely distributed due 
to the progressive freezing or the molecular 
environmenL. which resulLs in energetically 
inequivalent rotors. Results were successfully 
modelled wiLh the so-called Rotation Rate 
Distribution Model developed for methyl 
groups in amorphous polymer [2]. In addi­
tion. the temperature dependence of the 
elastic intensity measured on IN 16 exhibits 
two inOexion points (F'ig. 2a). One is centred 
at 50 Kand is also a signature of methyl group 
rotation. The second inOexion point i centred 
at 250 Kand reveals the appearance of diffe­
rent dynamics. assigned to a rigid-body moLion 
of the coun ter-ions. It is signiricant that the 
on et of counter-ion moLion coincide with the 
temperature at which the sign or the lope of 
the conductivity curve is also inverted (F'ig. 2a). 

The correspondence between elccLrica l and 
dynamical transitions was further confirmed 
by the results obta ined with the two other 
compounds shown in figures 1 a.c ancl 'I a.d. 
With the e counter-ions. while keeping similar 
electrica l properties. the films exhibit an 
improved mechanica l fl exibility [31. 

soft matter_ .,. 

The Lemperature of Lhe electrica l LransiLion is 
signiricanLly lowered (F'igs. 2b and 2c) and the 
dynamica l tran ition i observed at a corre -
pondingly lower temperature (Fig . 2b and 
2c). However. in both of the e ea e . the dyna­
mical transiLion is measured on I 6. the ther­
mally activated motion probably being that of 
protons bound to the aliphatic tails of the 
coun ter-ions. The systematic correspondence 
of the temperature range of these two types of 
transiLion trongly suggests that the phenome­
na are related. 

In conclusion. these results shed new light on 
the key role played by the dynamica l disorder 
of counter-ions in influencing the transport 
properties in conducLing polyaniline. or course. 
many questions remain. for example: 
i) Are Lile electronic excitations always confi­
ned on vibrating chains whose dynamic are 
modulated via the interaction wiLh the coun­
Ler-ions? 
ii) In a given range of temperature. i any 
adiabatic transfer of electronic excitation to 
the counter-ion possible. as stated in an exis­
ting theory I 4 ]? 

The e experiments have opened a ne, field or 
inve Liga tion of metal-insulator transitions in 
di ordered. organ ic systems containing 
counter-ions. They should stimulate new 
Lheoretica l studies. even if a deta iled 
description of the microscopic interp lay 
between Lhe chains and Lhe counLer-ions is 
currenLly lacking. 
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undamental & nuclear physics 

Quantum states of the neutron 
in the gravitational field 
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H.G. BOR NER ( ILL) 
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100 years ago, Max Planck introduced 
the concept of minimal energy 
quantum, which can be transmitted 
through physical interactions. Soon it 
became evident that quantum 
(discrete) properties of matter are 
dominant in a variety of phenomena: 
quantum states of electrons in an 
electromagnetic field are responsible 
for the structure of atoms, quantum 
states of nucleons in a strong nuclear 
field are responsible for the structure 
of atomic nuclei. An example for 
quantum effects in the weak interac­
tion is the possible neutrino 
oscillations. We report here on the 
first observation of quantum states of 
neutrons in the gravitational field. 

The Pauli principle couples the Planck 
constant to the min im um va lues of the 
distance t:i.z and the velocity t. V at wh ich the 
quantum phenomena become dominant for the 
par ti cle with th e mass m: l':i.zt:..V - ti l m 
(t. V «c). The mailer are m and t.V the lar­
ger is t:i.z . When the particle is placed in a 
potential well during a time period 
longer than t:.. . - t, I t:..E .quantum sta tes wiL11 
an energy difference t:..E can b resolved. In 
order Lo al low for an experimental observa­
tion. all other interactions must be so small 
that their in terference with the gravitational 
quantum phenomena can be neglected. The 
choice or a neutron. a neutral long-lived 
particle. sa tisfies U1e above mentioned condition·. 
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To our knowledge. the I Janek constant and the 
neu tron acceleration in the gravita tional field 
have been consiclcrcd simul taneously only in 
few pa J ers (see for instance [ 1.2.31). /1.s poin­
ted out in Ref. [4 [. it is possible to observe 
quantum sta tes of neutrons in the l•:arth's gra­
vitational field. Earlier. a complete analytica l 
so lu tion of L11 e mathematical problem related 
to the quantum states or particles in a gravi­
tationa l field was published in textbooks on 
quantum mechanics (sec. ror instance I 5.61). 
Ultraco ld neut rons provide a convenient 
methocl for such a study [7.8[. The experimen­
ta l trchnique using ultracold neutrons was 
developed clu r ing the last 30 yea1·s. Recently a 
one-component neutron gravita tional sµcctro­
mr ter of high re. olution was built at the ILL 
[91. The first measurement at the ul tracold 
beam of the ILL [ 101 with this clcvice showecl 
the ex istence of the 
lowe ·t neutron quantum 
sta te but hintecl also LO 
the potential ror rurthcr 
investiga tions [l I ]. When 
neutrons with extremely 

in textbooks on neutron physics (for instance 
[12. 131) . As in such a ituation no forces act 
in the hori zonta l plane. quantum sta tes can 
only be observecl in the vertica l direction. 

l•' igurc I illustra tes how quanLUm sta tes of 
neutrons in the F:anh· gravitational field can 
be observed. The neutron wave is refl ected 
from the l101tom mirror and interferes with 
itself. Such se lf-i nterference proviclcs a stan­
ding wave of neutron density. In a vertical 
slice. Lile neutron beam above the bottom mir­
ror consists of plane neutron "jets" with a neu­
tron density wh ich va ries with L11 c vr rti ca l clis­
tancr from the mirror. 

One lets neutrons ··now·· with a cer tain hori­
zon ta l velocity distribution through a slit. An 
absorber/sca tterer placed above the incident 
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low energy fall down in 
the Earth's gravitational 
fielcl - above a reflecting 
mirror - then they clo not 
move continuously along 
the verti ca l clirection: 
they must fa ll in quantum 
bouncl states because 
they experiencecl a deep 
and wide potential well. 
Obviously. the Earth 's 
gravitational fielcl alone 
clocs not create such a 
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potential well as it does 
not allow particles only to 
move upwards too l1igh: 
the other wa ll of the well 
is obta ined by introclucing 
a horizonta l refl ec ting 
mi1Tor. A description or 
the interaction of neutrons 
with surface can be founcl 
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Figure I : Quan Lum stalrs of ncuLrons arc formed in Lhe polcnlia l well bc­
rwccn Lile EarLh·s gruvl lalional nclcl on top and the horizonta l mirror on 
boU,om. The 1imbabl liLy of l'inding neuLrons at the height z. corresponding 
lo Lile 11" quantum slate. is proporlional lo the square of lhe neutron wave 
function 1/J ; (z). The ve rtical axis z gives an idea abouL the spatial scale or 
this phenomenon. 
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neutrons and the renecling mirror below act 
as a selector ror the v<'rtica l velocity compo­
nent. Prom F'ig. I we expect a stepwi se drpen­
dence of the neutron nux as runction of t11r 
height of the absorber: if it height is smaller 
than the spatial widlh of the lowest quantum 
sta te. then the neutron Iransmission shou ld br 
zero. When the hr ight is r,qual to the spalia l 
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absorber height should not incrrasr the nr u­
tron transmission as long as th r lieigl1t is 
sma ller than the patial ,, idth or the srcond 
quanlum ta le. Then aga in thr Iransmission 
should increase step,,•ise. At ufficicnlly high 
absorber position one should apprnach the 
class ica l dependence and the , tcpwi. r incrca­
sr should be washed out. Measurements at 
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Figure 3: The dependence of the count rate versus the slil hr ighl. The dala are summed up in intrrva ls or :1~un. 
Sol icl ancl 01icn circ les ancl lines as 11ell as the hori zonlal straight lines are analogous to those in Fig. 2. \'crtica l 
lines correspond to the height va lues. at which appmximat,f'ly a next stc11 in the eounl ra te is predicted b) ca l­
culation. 

width of the lowest quantum sta te then the 
tran •mission is expected Lo increase sharply. 
The height or such a step is equa l LO the first 
state population. Further incrra. r in the 

small abso1'ber height showed the cx istr.ncr. of 
the lowest quantum state: at ufrici<·nlly large 
absorber height thr purely classica l behavior 
is observed (F'ig. 2) 11 I ] 

The observed effec ts are consistent with the 
non-transpa rency of the sli t rorm ed by the bot­
tom mirror and thr absorher/scaucrer ror 
neutrons as long as the slit height is smaller 
than the spatial wid lh of the lowest quanLUm 
state. Ca rerul analysis of the experiment allo­
wed Lo rule out any systemalic errors. In par­
ticular. the shape or the transmission curve 
(Figs. 2.3) does not depend on the va lue of the 
horizontal velocit.y component but it depends 
on ly on Lhe vertical velocity component. a. 
expected. A 15 µm-wide slit is not yet trans­
parent ror neutrons but it is sufficiently large 
LO observe it transparency ror visihle light. 
This is a good check of the srtup as Lhe light 
wavelength or - 0.4µm is much largrr lhan the 
ncutrnn wavelength or -0.0 I µm . I,;viclr ntly. 
the difference results rrom the ract that unclcr 
normal laboratory conditions the 1-:arth ·s gra­
vilalional fielcl does not act noticea bly on liglll 
brains but form s bound quantum slates for 
neutrons. 
Figure 3 shows in a larger sca le and with addi ­
tional sta li lies the initial part or the depen­
dence ana logous to Pig. 2. One can r1·en noti ­
ce hrrr indications of the stepwise character 
or uch a depr.ndencr not only ror the lowest 
quantum level. 

This first experimenta l observation or quan­
tum sta te in the gravitational field showed 
once aga in thr un iversa lity of the quantum 
properties of matter. As the parameters of 
quantum sta tes arr drfined in such a system 
main ly by the in teraction of the neutron with 
the gravitational field. the presented pheno­
menon can be considered as a tool for fu rl11cr 
inve liga tions of fundamental propertie of 
matter. 
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undamental & nuclear physics 

Phase coexistence and phase transitions 
in finite nuclei 

• R.F. CASTEN, V. ZAMFIR, M. CAPRIO 

( YALE UNIVERSITY ) 

• H.G. BORNER, M. JENTSCHEL, H. LEHMANN 

( ILL) 

Data from GRID measurements at the 
ILL, Grenoble, complemented by 
other measurements at Yale and Koln, 
are leading to a new understanding of 
structural evolution in nuclear sys­
tems. This work has raised the pos­
sibility that finite nuclei evolve in ways 
very close to those of systems 
showing real phase transitional 
behaviour, with coexisting phases, 
critical points, and order parameters. 

The nature of collectivity and coherence in 
nuclei and their evolution with proton and 
neutron number is one of the most fundamen­
ta l issues in nuclear structure. Although 
nuclei can change properties rapidly with 
changes in the number of their constituents. 
phase coexistence and phase transitions. as a 
function of nucleon number. in the conden ed 
matter sen e of these concepts. have general­
ly b en discounted in finite nuclei. However. 
recent studies [ 1.2) mark a significant change 
in this situation: they have revea led that 
152Sm is a rare example of phase coexi tence 
with a deformed ground state and a more 
spherical set of vibrator-like excited state . 
This phenomenon differs from that of intruder 
states. as seen in Cd. Hg, and Pb nuclei in that 
both sets of shape coexisting sta tes arise from 
a single set of basis states. that is. a single 
Hilbert space. 

To further map out the phase transition. we 
have carried out GRID studies of lifetimes with 
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Figure I : Energy surface in the Interacting Bo on Model as a function of a phase Lransition parameter!;. howlng 
lhc discrete jump in ~ 151. The positions or different Sm isolop s in lhe parameter pace are also llluslrated. 

CAMS 4 Spectrometer in '5'Sm and in the 
spherical neighboring nuclei '"' ''°Sm. In the 
GRID technique [31 the lifetime of a nuclear 
state is obtained by an analysis or the Doppler 
broadening of a deexcitation y-ray transition: 
highly excited nuclei are produced by thermal 
neutron capture. Those deexcite to lower 
energy states via emission of y-quanta which 
induce a recoil to the nuclei. The excited 
atoms move in the bulk of the target material 
and are slowed down by collisions with the 
surrounding atom . Meanwhile the still exci­
ted atomic nuclei deexcite by secondary 
y emission. The probability of the e emissions 
depends on the ratios (Vi:) where t is counted 
from the emis ion ofy·s inducing the recoil and 
i: is the lifetime of the in termediate state. If 
the nucleus is in motion when it deexc ites 
(1,-<t) they-ray energy will be Doppler-shifted 
If it is stopped. the normal transition energy 
will be measured. The Doppler effects are on 
the order of eV. Thus the y-ray. typically with 

energy ~ I MeV. must be detected with a re o­
lution of ~FIE .. 10°. three orders of magnitu­
de better than obtainable with the u ual Ge 
emi-conductor detectors. F'ortunately thi is 

feasible for the GAMS4 and GAMS5 cry tal 
spectrometer . The lifetimes i: or the excited 
sta tes are directly related to absolute transi­
tion rates: The probability for the decay of an 
excited state is proportional to the square of 
the matrix element of the transition operator 
between the initial and final state wave func­
tions. 

An extensive set of about 50 new transi tion 
rates were measured for the first time and 
they provide a critical basis for evaluating the 
structure in this phase/shape transition 
region. In F'ig. 2 is shown a typical example for 
a GRID profile. These results alter in a signifi­
cant way our understanding of how collectivi­
ty and deformation develop in certa in regions 
of nuclei. Instead of a gradual softening or the 
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A New Class of Symmetry 

Critical Point Phase Transitional Nuclei 
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Figure 3: Compari on of X(5) and the data fo r "'Sm (based on re f. 191). 

nucleus to deformation as valence nucleon 
are added. the nucleus remains essentially 
spherical in going away from closed shell . 
albeit developing greater anharmonicities. 
un til enough correla tions build up that the 
nucleus ·snaps· to a deformed structu re 14.51. 
Geometrica lly, the deformation va riable ~-

which describes the magnitude or ell ip oidal 
deformation. is 'bi-valued·: either ~ 0 or fair­
ly large. without a transitional region in bet­
ween (F'ig.1 ). The physica l picture i that of 
a crossing of two potential energy surfaces. 
with pherica l and deformed minima. The 
phase transition occur at the crossing point 

of two in trinsic excita tions. The mechanism 
eems to resemble a Jahn-Teller ymmetry 

breaking in favor of the lower ymmetry defor­
med sta te. 

lntere tingly. this feature appears in collecti­
ve model uch as the Interacting Boson 
Model or Geometric Collective Model. 
although it corresponds LO a miniscule portion 
of their re pective parameter spaces and was 
unrecognized before the e structures motiva­
ted its di covery in the model framework. 
The e results have directly inspired the theo­
retica l development of a new class of dynami­
ca l symmetry for nuclei. the fi rst dynamica l 
symmetry appl icable at a critica l point itse lf. 
where structure is changing most l"lpidly 161. 

There are two possibilities for th is new class 
of ymmetry. one describing a transition from 
a vibrator to a deform ed y - unstahle stru -
ture and the other a vibra tor Lo axially ym­
metric transition region. These criti cal poin t 
symmetric arc the first entirely new para­
digms for the structure or atom ic nuclei since 
the 1950' . Their empirical discovery ha 
relied in a ignificant way on GRID data from 
the ILL. The first symmetry 16] . ca lled E(5). 
has bern found 17] to exist empirica lly in '"Ba. 
The second ymmetry [8]. X(5) is manifested 
191 in •··Sm as shown in F'ig. 3. ew GRID data 
will further te t the e ideas in this region. This 
new type of symmetry should have applica­
tions in other mesoscopic systems . 
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Preface 

The rollowing Lhree articles renecL Lhe growing use of numerical meLhods. based on modell ing aLum-aLom inLcraclions. in Lhe analysis or 

experimenlal daLa. Once the model or interacting aLoms has bee n shown Lo reproduce Lhr exisling e pr rimenLal claLa. it ca n Lhen be usrd 

Lo predicl physica l properti es or effects. which are diflicull to observe di r•ec Lly in measurements. eutron caLLering daLa lends itse lf par­

licularl well lo such numerica l modelling since Lhe neutrons arc ca ttc red princi1Jall by nuclei. ll is sufl1cienl. LhereFore, Lo determine 

th Lrajectories of nuclei. which can be done without recourse Lo the elrctronic tructure, as in ror c-fi Id based method . However. in cer­

tain case lhe electron must be treated explicitly, u ing quantum chemistr techniques. in order lo obtain more accurate results. A col­

lection of twent re earch article in lhe fi eld or neutron caltering and numerical modelling has recenll been publi heel in a pecial i 'Sue 

of Chemica l I hys ics (vo l. 261 nos. 1-2 (2000) Eds. 'l.R. Johnson, G.J. Kea rle and J. Eckert) . 'earl fort short ·r article can also be 

round in the proceedings of an ILL workshop ( IP conference procrcdings 479 ( 1999) Eds. M.R. Johnson . G.J. Kea rley and H.G. Btillnrr) . 

Probing host-guest interactions in zeolites: 
a diffraction and molecular modelling study 

• C. BAEHTZ, H. FUESS (TU- DARMSTADT) 

• M. JOHNSON, A.W. HEWAT (I LL) 

Powder diffraction, Fourier analysis 
and Rietveld refinement were perfor­
med to localise guest molecules in 
mesoporous zeolites [1]. We are 
investigating 7, 7,8,8-tetracyano-p­
quinodimethane (TCNQ) and tetra­
thiafulvalene (TTF) separately and as 
a charge transfer complex in faujasite 
NaY (high sodium content) and HY 
(low sodium content). Diffraction pat­
terns were recorded at 5 K at the neu­
tron powder diffractometers D1 A and 
D2B. Experimental results were com­
pared with force-field-based adsorp­
tion simulations, modelling directly 
the host-guest interactions, for the 
NaY host. 

ln t.ere t in ho L-gue t-systems has increased 
in the last rew years. clue Lo their potential 
application in the field or sensors. gas sepa­
ration and heterogeneous cata lysis 121. Also 
dyes are incorporated into mcsoporous crys-
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Lal·. \Ve have focus rd on the nature of the 
binding or Lhe guest in the host lauice. which 
is a ha, ic question ror the• understanding or the 
host-guest interactions or ll1rsc sys tems. 
TC Q ancl 'n'F arc model substances ror Lhe 
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rated. onl the relative intensities or rencc­
tion aL lo\ scallering angle ( < G0°) in the 
powcler diffraction pattern change Wig. I ). 
From these inten iLy changes. the non-zrolile 
rram ework scauering densities arc extracted 

: . 

30 40 
2-Theta ('I 

Figure I : DI A diffraction dala or 'l'rl1 in the aY zeolilc (blac~ crosses) . The red cu,,c is a 111 to the bart• zroli­
tr pallrrn. lhc scaLL<'ring clensitirs ror TfF are dctcrminrcl from Lh<' blue dilTcrcnce curve. 

investigation or binding sites in zeolites. 
The crysta l structure or the host rema ins 
unchanged when guc ·1 molecules arr incorpo-

l>y clilTcrencc Fourier analysis ancl revea l the 
positions or the adsorbed molecu les. Tl1c posi­
tion . orientation and occupancy (7 parame-



trrs) of rigid gue 'l molecules arc Lhr n rrfinecl 
lly the Rirtvr lrl methocl . int rorlucing a mini­
mum number of aclcli lional parameters (6). 
The \ aY ancl I IY zeoli tcs show identica l crys­
tal structure · bul \\ ith clifferent oclium 
conLCnl. The sodium content of HY at po •ilion 
II in the crystal structu re. which is accessible 
for thr guest. is 42% of the corresponding 
NaY. 

l•' igure 2 disrlays U1e arrangement of TCNQ in 
the framework (yellow) of 1aY and IIY. The 
111o lcc ulc is in the centn· of a 12-ring winclow. 
wh ich connccts two ·upercagcs or the zrolite 
pore systrm. The cyano-groups point in to 
tliC'se two cages and arc· coonli naLrcl to Lhr 
sodium ca lion (pink) in front or the small 
Ci-ring window ·. the distance hct\ ec·n . orl ium 
and nitrogen is 2. 7 . The dimension and ll1r 
high symmC' try of TC Q are such that the 
moleculr fits precise! in to thi s position. Such 
a 4-fold coor<linalion of a gurst to a zc·olite fra­
mrwurk has not been rcpor'le<I in literatu re 
l>r forc. 
dsorption simulations using Lhr ·sorplion· 

module in till' Cerius· molecular modelling 
package and the BurchanlL-Uni\'ersa l-Forcc­
Field confi rmed this binding siLr to be the 
most stable. For a rigid molecule adsorbate 
and a rigid zeoli te framework. binding sites 
arr probed ra ndomly in tile frre \'O lu rne of the 
cage using a ~lonte Carlo algoril11m. Binding 
r ncr•gics are clcLerrninccl in Lhis way from Van 
clcr \\laa ls ancl Coulomb inLcrac lions. 

!though '1fi' ancl TCNQ have similar molecu­
lar· climrnsion •. the bincling of Lile two mole­
cule· in \ aY is somewhat cli ffercnt. By imul­
taneou cry. t.a l Lructure refinement of the 
zcolitc with one 1·rF molecule per super-cage. 
using neutron and ·ynchrotron racliation dif­
frac tion pattern s. a cli Lribution of '!1'P ites. 
giving ri se to goocl R-factors. is propo eel . 
The e sites have r rF in the super- age with 
two sulphur atoms pointing to the ca tion in 
front of the 6-ring window (Fig. 3). The cli ·­
Lance between Lhe centre of mass of 'rl'F ancl 
Lili , ca tion \'arie between 3.5 ancl 4.4 . the 
rotation about the long molecular axis is also 
not well defirwcl. 

Aga in simu lations give simile r results. simula­
ted adsorption giving a range or almos t ener­
ge tica lly dcgrnera tc sites. I lowever. a coorcli ­
nalion or all 4 sulphur atoms or 'J'l'F to Lhr 
sodium with slightly IOl\('r . orption energy is 

Figure 2: TCNQ in the 12-ring window or the NaY 
and IIY framework: Na=pink. C=grey. ll=while. 
:'-l=bluc: (2OO)-plane=blu!'. 

Figure 3: lTF in front or a sodium ration or Lhr Na, 
and I IY fra mCI\Ork: Na=(Jink. C=grcy, =yellow. 
l·l=11hilc. 

Figure -1 : econd arrangement or 'ITF in 1hr NaY 
framework: ·a=pink. C=grey. S=~ellow. ll=11 hi te. 
round by simulation. 

also observed (Fig. 4). This binding geometry 
wa not obtainecl in the original rcrncd set or 
binding sites. but retrospective ly Lile cliffrac­
lion data doe not rule-out its existence. 
Simu lations also confirm that Lile cliffrrenl 
natu re of the binding of TTF and TCNO ari es 
from separa tion or the elccLronega ti\C atoms 
which co-orcl inalc to t.he a ca t.ions: 3.2 for 
Tl'I•' ancl 8.3 A for TC O on the long moll'cular 
axis. 

When the charge-transfer-complex of TCN() 
and 'rl'F is arlsorlwd in aY. tlH' l\\'O-moil'culr 
complex is tli ·tarted so 1haL tl1 e guests arc 

found in the positions as tlcscrihccl alJO\C'. So 
Lile in l<' rmolecular intcraclions hrt\1 ren till' 

guests arr \\'eaker than the host-guc t-intPr­
aclion . The complex could not br incorpora­
ted in the HY zeolite. because of its lo\\ Cr 
oclium concentra tion. only 'rl'Jo' penetrates 

into the pore system. 
The overa ll agreement betll'een experiment 
ancl adsorp tion simulation va lidates L11 c forcr 
fielcl u ·ed. in the rigicl rnolcculr approxima­
tion. anti give · an encrgy-basccl conl'irmalion 
of t11e diffraction results. Thr simulations also 
offer more information in the morr clirficultly 
dctr rrnin ('cl binding sites of 1·1'1•'. In principle. 
aclclitional information concr rn ing Lh<' rlefor­
malion of the guest molecule ancl LIH· hos t 
matrix could also be sought by unconstra in<'d 
gcomelr~ opLimisalion in the simulation. 
I lowcvcr. UV spcc1roscopy re\ ea ls. through 
·hi fts in \ ibra tional frequencies. significant 
modifica tion of L11e moleculr anti hos t rnaLri, 
elPCLl'On den ilie 0 11 binding. \vhich \\'OU lcl not 
I)(' \1 ell-111odcllcd by forcc- J'ield simulations. 
Changes in molecular geometry on hincling arc 
therefore not expecLrd to be reproduced accu­
rately using force- fields. Simi lar! . sin ce Llw 
charge cl istribution or the guest molecules 
changes when forming Lhr charge transfer 
complex and Lhe li fetime ancl degree of elec­
tron transfer is unknown. no adsorption . irnu­
lalions of the complex were performecl. Such 
elec tronic effects can only be in\·csliga tecl 
u ing quanLU m chemi stry (QC) methods. 
ll'hich arc typica lly employee! following a 
force- field inve liga tion. The size of Lile zeolitC' 
unit cell ( 15000 A') rresents a problem for 
olid slate QC ca lculations and a more lirnilrd 

model or the binding iLes would have to be 
constructed. Finally. Lhe knO\\ ledge of Lhr 
adsorption site of Lhr guest rnolC'culcs is thr 
basis for the understanding of spec troscopic 
results [3[. Henceforth . th is force field can be 
employed LO model the clynamics of guest 
molecule in zeoli te cage [4]. 11hich ha\'e an 
obvious importance. for example. in gas epa­
ra tion processes. 
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Dynamics of plastic crystals : 
a combined computer simulation and 
quasielastic neutron scattering analysis 

• J. COM BET, A. MARTIN 

( ILL & UNIVERSITE STRASBOURG ) 

Molecular dynamics simulation is a 
powerful technique for determining 
the structural and dynamical proper­
ties of molecular compounds. 
Molecular modelling and neutron 
scattering are complementary 
methods since they probe similar 
length and time scales (A and ps-ns). 
Detailed analysis of the calculated 
trajectories enables to predict neu­
tron scattering intensities. Thus, a 
comparison with experimental spec­
tra provides a means for testing the 
accuracy of theoretical description. 
This report presents a molecular 
dynamics simulation performed on 
two plastic phases of a molecular 
compound: the norbornane. 

The norbornane plastic crystal 

Globular molecules often form plastic crystal 
below the melting point. These phases exhibit 
a high degree of disorder: while the centre or 
mass is rather well localised in space. the 
orientation va ries from one site to another and 
changes with time. When the temperature is 
decreased. these substances exhibit one or 
several solid-solid transitions into a fully well 
ordered crystalline phase. 
Norbornane (Fig. 1) is a simple bridged mole­
cule and has been considered as a key com­
pound for strained materials. This system is 
orientationally disordered at ambient tempe­
rature. transforming from cubic LO hexagonal 
at 306 Kand to a ordered monoclinic pha eat 
131 K. 
The dynamics of norbornane in its two disor­
dered phases has been extensively studied by 
NMR and incoherent qua ielastic neutron 
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Figure I: The molecular geometry or norbornanc 
(C1H 12). or bicyclo 12.2.11 heptane. The full arrow 
represents the axis of Lhe dipole moment. 

sca ttering. Motions have been described as 
rapid isotropic reorientations. Long-range dif­
fusion was also evidenced on a slower time 
scale. We have started molecular dynamics 
simulation in order LO get a more accurate 
description of the dynamical properties of this 
compound. including greater insight inLO the 
phase transitions. 

DynamicaJ Simulations 

We have used the COMPASS empirical 
force field implemented in the CERlUS2 
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Figure 2: Experimental EISF extracted from IN6 
experiment (similar in both pla tic phases). simu­
lated EISF extracted from the trajectories analysis 
(identical for both plastic phases). and theoretical 
evolution in case or isotropic rotation . 

package in order LO simulate molecular dyna­
mics. One week of ca lculation was needed LO 
simulate around 200 ps on a biprocessor 
Silicon Graphics work tation (Origin 200). 
Simulations were first realised in the NPT 
ensemble (con tant number of molecules. 
pres ure and temperature) to determine the 
evolution of the lattice parameters at different 
temperatures. The initial unit cell configura­
tion was generated from the well-ordered. low 
temperature. monoclinic structure determin­
ed by X-ray powder diffraction (1 ]. The simu­
lation box contained 27 unit cells and periodic 
boundary conditions were used in order LO 
mimic an infini te crystalline environment. 
The temperature was increased from 50 K LO 
320 K using 20 K steps. About 100 ps were 
simulated for each temperature in order LO get 
a correct equilibration of the system. Lattice 
parameters extracted from these simulations 
exhibi t high modifications around 155 K. The 
monoclinic ordered phase rapidly transforms 
LOward a disordered hexagonal phase. This 
corresponds to the first order-disorder phase 
transition experimental ly observed at 131 K. 
This very encouraging result indicates that the 
intermolecular interactions could be well 
represented by the COMPASS force field. 
We also started Nvr ensemble simulations 
(constant number of molecules. volume and 
temperature) in the two plastic phases in 
order to generate the molecular trajecLOries. 
The comparison wi th experimental quasielas­
tic neutron scattering experiment was perfor­
med with the nMOLDYN package [2] . 

Simulation analysis and neutron 
scattering 

The simulation resul ts were compared with the 
measurements performed at ILL on IN6 [3]. The 
trajectories analysis enable the EISF' (Elastic 
Incoherent Structure F'acLOr) LO be extracted. 
This quanti ty is determined by the probability 
distribution of the hydrogen atoms. and thus 
provides a detailed description of the geometry 
of the motions. EISF' are represented on F'ig. 2. 
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Figure 3: Co m1wrison between !'xpcrimcntal spectra and d)1iamica l strur turr ractor rxtracled rro rn the molecu-
1.ir dynamics simulation in the cubic disordt·red phase (Q = 0. 7 1 ·• ) 

The simulations are clearly able to explain 1hr 
experimental evo lution or the EISF. The sma ll 
clifferencies ob ervecl between the isotropic 

1 rotation description ancl the simulated dyna­
mics cou lcl be explained by the existence or 
prererential orientations and needs a carerul 
inves tigation or Lhe simulated trajectories. 

phase. The exce llent agreement derinilively 
demonstrates the validity or the simulations 
ancl the accuracy or the empirica l ror e field. 
The detailed ana ly• is or the computed Irajec­
Lories allowecl the orientational distribution Lo 
be probed. Figu rn 4 represents Lhe results ror 
L11e dipole moment axis represrntcd in Fig. I 

plex than •imple isotropic rroricnll:l lion and 
thr orirntalional clL tribulions are different in 
each phase. Spectra copie and diffraction 
mrasuremcnl • have been unable to clr tecl 
these differences. 

Molecular dynamics simu lations is a powcrrul 
method ror the uescription or structure ancl 
dynamics in molecular compounds. Combined 
studies with quasielas tic neutron scauering 
c•xpcrim nI s enable Llie same quantities to be 
probed. ancl thus offer a unique way to valicla­
tc Lhc simulations and. Lhcrcartcr·. exploit the 
wea lth or microscopic inrormalion available 
rrom the simulat.ion model. 

Figure -1 : 2D rcpre entation or the oricntaliona l cli trihution or the molecular ymmctr axi. {rcprcscntallons realised with 1,/\MP. the Large .\rray 
~lanipulation Prouramrne dcve lo1ied at the ILL). Left side: cubic phase. right side: hexagonal pha ·c. Light blue spots indicate the oerurrcnce or lll'C'­
rerrntial orientations. 

The f•:ISF only gives geometrica l inrormalion 
on the molecular motions. A more stringent 
test or the imulalion involves comparing the 
experimental spec tra wil11 the dynamical 
structurr rac tor extrac ted rrom the trajecto­
ries. F'igure 3 represents the experimental 
ancl . imulated spectra in the cubic clisorclcrecl 

ror both plastic pha ·es. Although Lttr simula­
tions are unable lo reproduce directly thr high 
temperature phase transition. stahlr simula­
tions in the hexagonal anrl cubic pl1asrs show 
clra rly hroa cl max ima. indica ting l11r exist n­
ee or prerr rrecl orientations. The dynamics of 
norbornane molecules is t11erdorc morr com-
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Proton vibrational dynamics 
in nucleic acid building blocks 
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• H. JOBIC 

( INSTITUT DE RECHERCHE SUR LA CATALYSE, 

VILLEURBANNE ) 

Inelastic neutron scattering (INS) 
spectra of two major RNA 
(RiboNucleic Acid) building blocks, i.e. 
adenosine (rA) and guanosine (rG), as 
well as those of two major DNA 
(DeoxyriboNucleic Acid) building 
blocks, i.e. 2'-deoxycytidine and 2'­
deoxythymidine, have been recorded 
in solid phase at T = 15 K using the 
IN1-BeF spectrometer. These spectra 
gave us the opportunity to perform 
theoretical investigations at the den­
sity functional theory (OFT) level In 
order to access both geometrical and 
vibrational features of these molecu­
lar compounds. The joint use of INS 
spectra and ab initio calculations allo­
wed us to particularly probe the 
hydrogen vibrational dynamics of the 
nucleic acid building blocks, and to 
analyse the effect of solid phase inter­
molecular H-bonding. This set of 
information is not accessible by tradi­
tional optical spectroscopy, i.e. 
Raman scattering and IR absorption. 

The knowledge of the structure of biological 
molecules is an important task in order to 
understand their functions. Nucleic acids 
(DNA and RNA) are linear polymers (F'ig. 1 a) 
which take part in various biological pro­
cesses such as replication (D A to DNA), 
transcription (DNA to RNA), translation (D A 
to protein) and catalysis (RNA splicing or self­
splicing). Nucleic acids have a great confor­
mational flexibility and can adopt a variety of 
conformations (double-helices. hairpins, 
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bulges. etc). The chemical repeat or an R A is 
a ribonucleolide. whereas that or a D A is a 
2'-deoxyribonucleolide. Each of these mono­
mers is rormed by a phosphate group, a sugar 
(ribose in RNA and 2·-deoxyribose in D A) and 
a base (uracil): U (RNA). thymine: T (D A). 
cytosine: C. guanine: G. adenine: A). 
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rorce is neces ary. To achieve this task ror 
R A and DNA building blocks. vibrational data 
can be used in junction with quantum mecha­
nica l calculations. Raman scattering and IR 
ab orption cannot give ufficient data in this 
framework. because Lheir intensities are basi­
cally monitored by the di placemeOL of heavy 

Figure 1: (a) Chemical structure of RNA. DNA chemical structure Is similar. the 0-H group in the 2'-po ition of 
sugar should be replaced by a hydrogen and uracil by a thymine (5-methyluracil ). (b) Graphica l representation 
of uracil bound to three water molecules th rough N-H , C=O and C5-H groups. Geometry optlml atlon has been 
made at the Dfi1'/B3LYP/6-31++G* level [6]. 

A ribonucleoside or a 2·-deoxyribonucleoside. 
which is formed by a base and a sugar. can 
also be considered as an important RNA or 
DNA building block. Hence. there are four 
major ribonucleosides. i.e. uridine (rU). cytidi­
ne (rC). guanosine (rG) and adenosine (rA). 
and four major 2'-deoxyribonucleosides. i.e. 
2'-deoxythymidine (dT) . 2·-deoxycytidine (dC). 
2'-deoxyguanosine (dG) and 2'-<leoxyadenosine 
(dA). To study the conformational flexibility of 
nucleic acids by different theoretical methods. 
the knowledge of the intra and inter-molecular 

atoms (e.g. C, . 0 and P) . Hydrogen vibratio­
nal dynamics can only be accessed by 
inelastic neutron scattering (INS) spectra in 
which the vibrational modes arising from 
hydrogen atoms are particularly exalted. 
To give an example of our investigations on 
ribonucleoside and 2·-deoxyribonucleosides. 
we present in Pig. 2 the I S spectra of rG and 
rA recorded at T=l 5 K on IN1-BeP. in the 
spectral region below 2000 cm·• (250 meV). To 
analyse these spectra. we resorted to DPT 
calculations with B3LYP exchange-correlation 



modelling & theo 

functional and 6-3 1 G* (or 6-31 ++G*) basis 
sets [ 1-5]. Pirst-order INS spectra ca lculated 
with the harmonic force field of isolated rA and 
rG . ar reported in Pig. 2 for comparison [4] . 
We can emphasize here the new information 
obta ined from the INS analy is of these mole-

1 cular compounds. Pirst of all, in all ribonu­
cleosides and 2·-deoxyribonucleosides. one 
can observe in ten e I S bands in the 1500-
1200 cm·' ( 185 - 150 meV) spectral region 
which mainly arise from the CCH. OCH. COH 
and CH angular bendings of sugar [31. We 
have verified the above-mentioned assign­
ments wi th Lhe use of the I S spectra obtained 
from the labile hydrogen deulerated specie 
also recorded on the I 1-Bef'. Moreover. the 
C-H ancl -H wagging of the bases as well as 
the torsion modes of the ba e and sugars. 
which induce large hydrogen displacements. 
can al o be observed in the 900-700 cm·' 

11 0 meV) region. However. some discrepan­
cies appear in the spectral region below 900 
cm·' (Pig. 2). We have shown [4] that lhe poor 
agreement below 900 cm- ' ('I 10 meV) between 
the ca lculated and ob erved I S spectra. is 
mainly due to intermolecu lar H-bonding that 
affect (1) the base vibrational N-H wagging 
motions in the 900-500 cm·' (110 - 60 meV) 
region. and (i1) the ring (base or sugar) tor io­
nal molion in the region below 500 cm-' (60 me\/). 
We have attempted to account for the inter­
molecular H-bonding through simple theoreti­
cal models in which the main acceptor and 
donor iles of RNA building blocks interact 
with water molecule . The example which i 
completely treated up to now. is that of uracil 
bound to three wa ter molecule (F'ig. 1 b) 
mimicking the solid pha e II-bond network. 
The ca lculated re ul ts ba ed on the e model 
have shown. that the main I I-bonding effects 

• ' 1 ' ''' I '.' I ''. ''I •'' ' I 
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Figure 2: Comparison between the observed {powder samples at T= 15 K) and ca lculated (Orst-order) INS spec­
tra of rG and r in the pectral region below 2000 cm·1(250 meV) . a obtained from the quantum mechan ical 
calculations at the DFi/83LYP/6-3 I G* level. 

( 11 O - 85 meV) sp ctral region. All thi vibra­
tional information is not accessible in Raman 
and IR spectra. 
On the basis of the carefu l analysis of the 
whole se t of results. we can conclude that the 
calculated INS spec tra of isolated nucleic acid 
building blocks reproduce sa tisfactorily the 
observed ones in the 2000-900 cm·' (250 -

appear in the -H wagging modes which are 
upshifted by -250 cm' ( -30 meV) in going 
from the isolated to I-I -bonded uracil. thus in 
good agreement wi t11 the observed INS 
spectrum in solid pha e [5-6]. 
In conclusion. such moclelling (Pig. I b) repre­
sents acceptable compromis to accoun t for 
complicated intermolecular H-bonding in solid 

phase. at a reasonable compu ta tional cost. 
Similar calculations are now in progress on 
other bases. as well as on ribonucleosides and 
2· -deoxyribon ucleosicles. 
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Network of hydrogen bonds 
as a medium for DNA interaction in solvents 
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We suggest that the DNA molecules 
could form a cholesteric phase owing 
to an interaction mediated by the net­
work of the hydrogen bonds (H-net­
work) in the solvent. Using the experi­
mental data for the cholesteric phase 
of the DNA dispersion, we obtain a 
rough estimate for the energy given 
by our model, and show that it should 
be taken into account as well as the 
energy due to the steric repulsion, Van 
der Waals, and electrostatic forces, 
generally used for studying the DNA 
molecules. The elastic constant of the 
H-network generating the interaction 
between the DNA molecules is deter­
mined by the energy due to the pro­
ton's vibration in the hydrogen bonds. 

It is generally accepted that the Formation or 
the cholestcric phases or the DNA dispersions 
is intimately related LO the in terplay among 
the basic properties or the DNA and the sol­
vent. but the nature of the in teractions bet­
ween the molecules of DNA in the dispersions 
has remained obscure. It is worth noting that 
the hydrogen bonds. although weak 
(5 kca l/mol). are Lill larger than the Van der 
Waals ones. and are strong enough LO hold the 
water molecules in a rigid tructure in solid 
water (ice) f 1 ]. The structures or the water 
and the ice are similar. and either of them is 
determined by the network or the hydrogen 
bonds [2], even though in liquid water some or 
the hydrogen bonds are broken, their number 
depending on temperature. The whole system 
may be visualised as a fisherman's net: the 
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knots represent the oxygen atoms and the 
threads correspond LO the hydrogen bonds . 
The conformation of the net and the distribu­
tion of the proLons arc determined by Bernal­
Fowler's ru les [21. i.e. there are two protons 
in the neighbou1'hood or an atom or the oxygen, 
and one proton is a signed LO each hydrogen 
bond. Defects also should be allowed for: 

nematic phases. which are observed in the 
D A disper ions. have a number of fea tures 
which cannot be understood within t11 e 
conventional framework of electrostatic and 
Van der Waa Is forces I 8] . In the pre ence or 
D A molecules. the network of the hydrogen 
bonds has a conForma tion which is d ifferenL 
close LO tile D A molecules and in the bul k. a 
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Figure I : The CD (circular dichroism) spectra of the liquid-crystalline clispersion treated by daunomyc in (DAU) 
(curve! - CDAll = 0. curve 2 - CDAU = 6.8 -to·• M. curve 3 - Cn,1 = 27.2 -10~ M. where C1)AtJ is the 
concentration of daunomycin. 

some or the threads (I-I -bonds) can be consi­
dered as broken due LO the thermal fluctua­
tions. Tile conrormation or the network of the 
hydrogen boncls in the DNA dispersions has 
certain propertie which make it qui te diffe­
rent from the network of the hydrogen bonds 
in the bu lk solvent. so that the interaction bet­
ween the DNA molecules which are separated 
by less than 50 A. may induce new phenomena. 
Experimental data and numerica l simu lations 
[31 - f I 0] suggest that the inter-molecular 
medium of tile DNA dispersions plays an 
important mle in the phase stabil ity. Indeed, 
the transitions from the cllolesteric LO the 

few layers of tile water molecules away from 
the DNA. One can imagine that close LO the 
D A molecules. the net is rolled round a pole: 
it is spreading more leisurely away from the 
DNA molecule·. In teraction between DNA 
molecule and solvent leads to substantial 
modifica tion or the structure of H-bonds in the 
nearest aqueous environment. If we believe 
that very close to DNA molecules the network 
of the H-bonds is more or less stable ( on cha­
racteristic time-sca le relevant for intermole­
cular in teractions). there is a certa in ela tici­
ty of the net (it means that for any deformation 
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of its strucwre one has LO pay a certa in ener­
gy) ancl U1erefore effective elastic interaction 
between DNA molecules mediated by the 
I I-net. Therefore. we shall assume that the 
network of the I I-bonds in solvent has a cer­
tain amount of elasticity (see also 1111). 
and in fact enough Lo account for the interac­
tion or D A molecules. The tota l energy. which 
conta ins the ela tic and the entropy term 
under the constra ints imposed by Lhe bounda­
ry effec ts. hould result in an effecti ve inLer­
action between the D A molecules. th rough 
the meclium of the network of the hydrogen 
bonds. The picture given above implies Lhat in 
the neighbourhood of the DNA molecule in Lhe 
solvenL. the conformation of waLer molecules 
is trongly influenced by the geometry of the 

topological constra ints are also essential for 
the proLOn dynamics of the H-bonds. In fac t. 
the deformation of the net by DNA molecules 
can be described in certain cases as the defor­
mation field created by the dislocation in the 
net. i.e. by LOpological constraints. and besides 
the in teraction change the probability or pro­
ton tunnelling (near DNA the potential for tun­
nelling is not the ame a i is in bulk water). 
In thi respect it is worth noting the phenome­
non reported in [ 4] that the proLOns could 
perform cooperative or concerted motions 
(flip-flop) by jumping from one La te to ano­
ther. Saenger et al. 14 ] claim that one could 
find chain or the water hydroxyl groups 
0- H---0 - H ---0 - Hin which the protons 
would o cil iate clockwise and anti-clockwi e 
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Figure 2: The CD spectra or the liquid-crystalline dispersions formed by DNA • DAU complexes 
(curve I • CDAll = 13.6 • JO-< M : curve 2 - CDAl' = 37.6 • 10~ M) . 

DNA helix. In this neighbourhood. which 
spreads out at a distance of approximately 10 
A. the conformation or the I-I -bonds follows the 
grooves or th D A and has the hape resem­
bling that of the helix. In this respect. it differs 
considerably from that in the bulk (compare 
[41 . [51) , 
It is important that stringent LOpologica l 
condition are imposed on the network owing 
to the requirements due to the structure or ice 
[ I] . i.e. among 16 pos ible combination or the 
protons round an atom or the oxygen only 6 
are allowed. so Lhat the re idual entropy or ice 
turns out to be equal to So= NkB ln (3/2). Th 

in a flip- flop manner. Obviously. the choice of 
the circles allowing for the flip- flop motion is 
determ ined by the topology or the network of 
the I-I -bonds. 
Our hypolhesi on the nature of the interac­
tion between D A molecules that leads to the 
formation of the cholesteric phase. is in agree­
ment with experimenta l data 110] (see F'ig. 1 
and F'ig.2). which how the change in the 
sense or Lhe cholesLeric twist clue to the inter­
ca lation or DNA molecules by the daunomy­
cin. At this interca lation. from the viewpoin t of 
molecular propertie . mod ification of the D A 
molecules is qui te negligible and therefore one 

can only expect a small modifica tion or the 
direct interparticle interaction (electrostatic 
or Van cler Waal ) rather than the fundamenta l 
rea rrangement or the entire tructu rn 
observed experimentally [ I 01 . 
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We have investigated the adiabatic 
evolution of a set of parameterised 
wavefunctions. Their relative phase 
change can be related to geometric 
measurable quantities that extend the 
familiar concept of Berry phase to the 
evolution of more than one state. 
These concepts can be applied to 
several physical systems. We discuss 
an experiment on microwave cavities 
for which off-diagonal phases have 
been determined from published data. 

When a quantum system unclergoes a cyc lic 
evolution. the inilial ancl final wave functions 
differ by al most a phase fact,or. This phase 
facwr has an inLrin icall geometric compo­
nent. as il wa fir t recognised by Berry 11 ]. In 
Lhis context. "geometric .. mean that Lhe 
phase clepcncl on ly on the equence or quan­
tum tales vi ited by the y Lem. A simple 
cla sical ana logous is Lhe rolalion b a finitr 
angle of a paral lel-transported reference 
frame along a clo ed loop on a curvecl surface. 
a drawn in F'ig. I . 
Berry's phase is almost ubiquitous in pre. enL­
da phy ics. and it has been a fruitful tool for 
interpreting clisparate physica l phenom na. A 
well-known e ample is Lhe molecular 
Aharanov-Bohm effect. I lere the electronic 
wavefunctions acquire a geometric pha e 
while following the nuclear coordinate 
around a loop. Such a pl1asc cloes not affec t 
the cla ical motion of Lh nuclei. Howeve r. as 
soon a Lile nuclear coordinates arc quanliscd. 
Lhc geometric phase drtermine the ymme-
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tries of the vibronic levels 12]. Among others. 
a field where Berry's phase has provided a 
particularly useful interpretation scheme is 
the theory of the electric polarisation in crys­
ta ls [3]. 
In Berry's formulalion. the geometric phase 
concerns any quantum slate lljJ.(S)> driven 
along a cycle. The mar general case or open 
palh r (joining s1 Lo"_) was consiclered in a 
pioneering work or Pancharatnam·s 14 ]. For a 
noncyclic evolution. the final wavefunclion 
llj!k(S2)> need not be simply proportional to 

components along the other orthogonal inilial 
sta tes llj!k(S1 )>. Recently we have thus inve -
Ligated the phase racLor Oikr of <tVj (S1 )l1J,k(S2) > 
for two differenl eigenstates 151. lndeecl. o;,! 
can be rigorously defined (in terms or para llel­
transported vectors) and made independent of 
an arbitrary continuous phase change at each 
point along the path. Ila~ ever. a1,r stil l 
depends on Lhe relative phase of the two vec­
tors lljJ,> and lljJ1;> al the initial point sI. thu. 
a1J! i nol a geometric quantity. The aho1·e 
phase re lation is incleed arbitrary. as it relatrs 

4 

Figure I : 1\\0 1ec1ors tangential 10 a curved surface arc driven along a I>a th. Despite being parallel-transporl('d 
along the path (remaining a para llel as possible lo the direction they were pointing al bcrore each innnilcsi mal 
disI>laccmcnt) . when the) return Lo the original point. the two \'CCtor nnd themselves rotated with re peel lo 
the initial di rection . These rotat ion angles measure the curvature of the surface enclosed in the loop. and arc 
analogous to the 13crr) I>hasr acqui11·d by the quanlum wavcfunclions. 

lljJ.(s1)>. PancharaLnam con idered the pha e 
associated to Lhe projection <lj!k( S1 )lljJ.(S2)> 
of a parallel-tran ported , Late Lo the ame 
state at the begin ning of Lile path. IL can be 
shown that Lhi phase fa tor is al o a geome­
tric mea urable quantity. x cpl of course in 
the case where the final state is orthogonal Lo 
the initial one I <tpk(s1 )l1vk(S'2)>=0 I. 
In general. in a noncyclic rvolulion. L11e final 
wavefunclion l11,.(s2)> will havr nonzero 

orthogonal slate . We found 151 that such arbi­
Lrarine . . can be eliminated on l b introdu­
ci ng the product: 

( I) 

The factors Yik are Lrnly geometric ancl consti ­
tuU' a grnerali sa Lion of the Berry phase Lo the 
evolution of several states. For a cyc lic palh. 
assuming nondegenerate states. all on~cliagonal 
overlaps <tpI(s1 )lljJ•(S2=s1 )> vani h. and the 
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1-'igur(' 2: The observed initial (0=0. Jell) . intrrmcdiate (8=1t. centra l) and final (tl=2n. righl) eigenstates of the 
mirrowave cavity cl crormccl following adiabatically the path or Rcr. 161 around a :Hold degenerate poin t. RecVyc l­
low indicate opposite signs or the wavefunctions. 

only geomeLI'iC pha e inrormation is l'epl'csen­
Lecl by Lh c diagonal Bel'ry pl1ases o;/=y/. l•'or 
a generic non-cyclic paLh. boLh diagonal y/ 
and off-diagonal y;i! phase racLors ca l'ry Lhc 
same kine! or inrormation. and can lie conside­
red on Lile same rooting. When Lile n final 
staLes are a nonLrivial /Jf' tmu/alion or Lhc ini­
Lial ones. Lile diagonal sca lar producLs 
<'/l i(S1 )l'/lk(s2)> vanish and Lile usual 
Pancharalnam-Berry phase y( is noL defin ed. 
In Lhi • particularly impo1tanL situaLion. all buL 
n o ii' ·s are undefined. since llJ.IA(S2)>=e" 
i1V;(s 1 )> (with j "' k) . I lcre. Lhe only phase 
inrormation abouL the permu Lecl eigenstates is 
conLained in t.hc off-diagonal proclucLs 
<1p;(s1)\1pk(s2)>. and iL is synthesized in Lile 
correspond ing cyclic proclucLs y;,r. 
We consider now a rew examples or the nrwly 
inLroduced off-diagonal geomeLric phase . 
Although the definition ( I) i compleLely gene­
ral. a discu eel above. Lhe mosL LransparenL 
example or Lile off-diagonal phases occur 
when the final states apprnximate a permuta­
tion or the initial ones. We Lhus concentra te on 
thi specific case in the rollowing. 
Consider firsL a parametrised Hamiltonian 
/l(s). that reverses iLs ign at the ends or a 
path in parameters' space: f-l(s2)=-ll(s1 ). 
Thus the uppermost eigen tale (ordered in 
energy) become the lowesL one and vice 
ve r a. Such a siLuaLion is met rather rrequenl­
ly in phy ic . To be more concrete. consider 
the derormed microwave resonator experi­
ment by Lauber et al. [6[. Here off-cliagonal 
phase ractor can be easily measured ror open 
paLhs 171 In this ea e. s = ( cos 8. s sin 8) 

paramcterises the di placement or the upper 
right corner or the resonator away from the 
rectangular-shape position. At this position. 
three energy levels arc degenera te. In this 
rxperimenl. the Lhl'er nea rly degenerate 
wavcrunclions arc followed adiabatica lly as 
the clisLOrtion is driven in small steps Lh rnugh 
a loop 8=0 to 2rr around the degenerate point. 
In Fig. 2 we l'epol't the initial (8=0). hair-way 
(8=rr) and final (8=2rr) eigenrunctions frnm 
the ol'iginal picture or R r. [6]. The o;r-± I 
factors defined above are easily identified in 
Fig. 2 rrom lhe J'ecur!'cnec of the wave pat­
terns and the sign changes. In pal'ticular. Lhe 
wap or wavcrunclion \'111 > and \lJ.l:.i> hows 

that this system satisric the symmetry l'Cla­
lion /l(rr)=-H(O) at mid loop. Thu . for the path 
0=0 Lo rr the only well-defined diagonal pha e 
is that or the central state 0229 2=- I . The 
upper and lower sta te exchange. giving 
01 3= ! and 031= 1. thus an observabl gauge­
independent product yI3= I . This kind or re ult 
gives in[ol'mation on the "'curvature .. or the 
space or waverunclion . It is well known that 
the pl'e ence or degen racies in the parame­
te rs space determines the va lue or the usual 
Berry phase. The off-diagonal geometric pha e 
is indeed a simi lar probe ror Lhe pl'cscnce or 
degeneracies. In Lh i simple example it can be 
shown that the obse l'ved va lue or yI3= I 
signals the presence of additional 2-rold dege­
neracie near the 3-fold one 17]. 
on trivial pcrturbaLional cases al'e more com­

mon than one might suspect. Indeed. the 
quantum states of an physical ys tem affec­
ted b some external disturbance wi ll evolve 

in such a way thal Ihe cneI·gy lrvcls would 
cross. Wl1encvcl' no special symmetry selrc­
Lion l'ule prevents level repulsion. we will ge t 
a ·equence or avoided crossings with the cha­
rac teristic approximated wapping or the pail' 
or invo lved states. Ba •ica lly. after each avoi­
clcd crnssing. we have a permutation or the 
original states. In the region between two 
avoided crnssings. the only well-defined geo­
metric phases arc the of[-cliagonal one· asso­
ciated to that ·peciric pe!'mutation. 
Th • off-diagonal geometric pl1asrs can be a 
u erul tool Lo characteri se the evolution or any 
multi-dimensional quantum sy tern. 
Spec ifica lly. th ey could be observed rol' 
exa mple with neutron interferometry experi ­
ments similar to those used successfully LO 
mcasuI·e diagonal phases [8] . Very recently. 
the neutron-spin off-cliagonal phase has been 
succcsfull measured at the ILL [9]. 
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Isabelle Grillo fills the D22 stop-now apparatus. 

Rebuilding the D20 mullidetector. 

Millennium programme 
and new devefopments 

The PER.KEO in ta llalion at the new beam or polarised/unpolari ed 
cold neutrons for Particle Physics PF'l B. View or the collimation 

tern and the pectrometer in the iron shielding and the p ople 
invo lved in the project (rrom left) : 1. Kreuz (University or 
Heidelberg) . V. Nesvizhevsky (ILL) . C.Vogcl and U. Mayer (University 
or Heidelberg). 

Giovanna F'ragneto making model membranes on the ILL 
Langmulr trough. 



Millennium programme 
and new dever opments 

A sustained effort ha s been devoted this year into esta bli shing a so lid 

foundation for the regeneration of the ln st itu te·s instruments and 

infrastructure through the launching of the ILL's Millennium Programme. 

Perhap s it is more than symboli c that ILL is an integra l part of th e word 

mill ennium . Such an ambitious programme requires a co ncurrence of three 

esse nti al ingred ients - motivated and well-qua li fied manpowe r. 

adeq uate sources of finance and in spired ideas. It also req uires good luck and 

a willingn ess to take ri sks. As th e fir st year of the Mi ll ennium Programme 

draws to a close. there are hopeful signs that all the e element are in place. 

Building upon the new ly rebuilt reactor, the morn ntum generated by 

instrum ent projects already in place. the increas ingly youthful staff and the 

guidance of our u ers, our funding bodies have res pond ed to our appea l for 

th e inves tm ent neces ary to fulfil the vision which is illu strated in th e lLL's 

long- term strategy doc ument - th e Road Map. 

Millennium Droaramme 
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illennium programme 

The ILL 
millennium programme 

C.J. CARLILE 

The third l illennium rnlls on - only 9H9 
years lcfL unti l we celebrate the next one. 
But in the mea ntime there is much activity in 
the Millennium Programme at the ILL with 
five proj cts currently on the m<·nu . VIVA LD I. 
the Ve ry lnten e. Ve f'Li ca l Ax is. Laue 
Diffractometer (previously known as Thermal 
LAD!) with its image plate detector is well 
in to its manu facturing phase. We expec t 
delive ry of the complete instrument - a co lla­
boration with the EM BL - during spring 2001 
and in sta llation on its guide position before 
summer. Tests with the prototype version 
gave remarkab ly good quali ty data wi th none 
of the background problems which had been 
feared. Weak superlatticc reneclions in 
magnetic materials were clearly seen. E.F'. 
Schumacher' s ca tch phrase "Small is 
Beautiful" appears to apply here and we 

ha ll be exploring other possible applica tions 
of image plates. Certa inly speed of manufac­
ture. relative cheapnes ancl mall sample 
size. are all qualities in favour of such ins­
truments. 

The rebuild of the single crystal di ffractometer 
03 as a spherica l polarimeter is also moving 
ahead quickly. but it i conceptually and techno­
logica lly much more complex and will come on 
line gradually over a three to four year period of 
development and commissioning. Decpol. a spin 
sensilive detector for the new instrument com­
prising polarised 'He plus a 'He detector within 
its magnetic shield. has already been received 
and commissioned on the instrument. 
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Part of the Laue di ffraction pallt· rn of -1 % Ga-doped FeGe2 at 77 K. observer! in a trial with the !..~DI imagc-platr 
rlrtector on a thermal bea m. Shown in inset is the evolution or one set of magnetic sa tellites Lowarl ls the com­
mensura te 1/ 1 0 phase below - 170 K. 

P. lsewhere. as pa rt of our conlinuing detec tor 
development programme. we have commis­
sioned am! rece ived fi ve prototype linear 
position sensitive detecto rs 7 mm ac tive dia­
meter and I m active length. The aim Lo 
achieve a position resolution of 7 mm along 

the length of the rletec tor by an appropriatr 
mix of absorber/quench gases and anode 1·01-

Lage has been exceeded in recent tests. An 
array of 140 such clct ·ctors would then cleli­
ve r the appropriate spatial reso lu tion 
(7 mm x 7 mm) for the D22 ancl later the D 11 

small-a ngle 8Cattering machines 
at an overall coun t rate of 2 
Ml lz. Commissioning tests ind i­
ca te that a rate of 5 MHz can bC' 
achieved with dead lime losses 
of I 0%. Currently Lhesr instru­
ments are lim ited to around 50 
kl lz ancl must use beam attenua­
tors in order to avoid data cor­
ruption. even with the detectors 
at large distances from th r 
sample. A hundrecl-fold increase 
in data ra te will now allow expe­
riments only dreamed of lo he 
tackled. 

The fi rst experiment carried out on D3 with Decpol. a compact 
single detector wi th spin analysis. aimed at measuring the anti fer­
romagnetic rorm fact.or or Co in LiCoPO4 using polarimctric scat­
ter ing. Upper left.: Hube1t Humblot delivering a "He spin fil ler. 

The Strain lmager is a join t pro­
jec L fi na need pa rLly b the ILL 
ancl partly via a grant to Pror. 
Philip Withers of the University 
of Manches ter. Beam line design 
is now complete. integrating 
DI A. DI B. the Strain lmagcr 
ancl VIVA LDI along the sa me 



Prototypes of the D22 tubul ar position sensitive drlectors 
(length of the Lube: Im) 

been an iterative process 
wi th initial in-house seis­
mic ca lculations ac ting as 
input Lo the enginerring 
de ign prior to the final 
qua lity-assured simu la­
tions by accred ited consul-
1a11ts. The firs t pillars 
have already appea red 
during l11 c prcscnt winter· 
shutdown and the 
2-d imcnsional detec tor has 
alreacly been ordered. 
During 200 I wr wi ll start 
the upgrade of thc D7 pola­
ri sa lion analysis spec tro­
meter wilh it. hugc pro­
gramme of supermirror 
spin analysers. to hrgin 
Lile re!Juilll of Lhr D2b high 
1·esol111ion r owfler cliffrac­
LOmcL<'r from the 111ono­
chroma1or to tlir clelccto r. 
and we intend also LO 

implemrnL Lile 1iniball 
clcLcc lor oplions for 
Lohengrin aimed at illl cs-

renewed neutron guide. The site for the in­
strument has alr'cady Ileen excava ted down 
to a 2 metre cleplh ready for the founrlations 
which will support Lile I tonne ca pacity. 
I O µm pr'ec ision hcxa pod orientation device 
wh ich wi ll sit on the granite sample Lablc. 

A considerably increased polarised neutron 
flux of 6x 107 n per cm·'s ' on Lile sa mple wi ll 
lle obtained by remodelling tlw I 120 primary 
spec trometer. A larger beam tube using a 
source cliamr1 cr of 170 mm has bc·en instal­
led in January 200 I which wil l be implemen­
ted together with a new large (230 mm x 140 
mm) double focussing I leusler monochroma­
LOr in spring 200 I . 

BRISI. the Brillouin scattering spectrometer 
being built as a CRG by an Ita lian I FM team 
comprising Professors F'abrizio Barocchi. 
Caterina Petril lo and Francesco Sacchetti. 
together with I rofessor Jen -Bo ie Suck from 
Chemnitz. is now out of the starting blocks 
following an intense yea r of engineering opti­
mi sa tion . In rarl.icular the se ismic stabili ty 
of the large in ·trument,. to be installed on an 
inclined beam hole in the reactor hall. has 
l1 ad to be meticulously simulated. This has 

tigaling thr properlics of 
hort- li vetl iso topes near the nruLron clrip 

line to furnish clat.a for cosmologica l mode ls. 
Al the sa me lime we wi ll start the neutron 
guide renewal programme with the rebuild of 
the D 11 guide and col limation system as well 

Schematic drawing or the new IN20 monochromator 
assembly. the biggest one ever built (230x150 mm'. 
composed of 75 crysta ls). 

as the gu ide feeding DI A. D1fl. thr Strain 
lmager and \11\~LDI. 
\\'e also recognise that ILL cannot. from 
\l'ilhin even Lile increase(! buclgel voted by 
Lile Assoc iates al the 1o\'embcr 2000 
Steering CommiLLee. finance all the projec ts 
necrssa ry Lo fully rejuvenate the instrument 
uiLr. thr neutron guides and the ancillary 

infractructure which are necessa ry Lo clelivc r 
the hcsl science fo r' our use r's. We th c: rcfore 
l1ave entered in1.o a number of collaborative 
vcntlll'eS with trams of USC' l'S LO bid for· add i­
tional funds to accelerate instrument renewa l. 
These include Lhe Strain lmagc•r. PI-' I bis. 
D2b. DI 9 and IN 13 a· wel l as bicl s for· a 
Pac i Ii Ly for 1laterials Engineering 1-'a 11 I•: 
(in collabora tion with the l•:S IW) and for a 
Bacter iologica l DeuLera Lion Facility 
(in collahoralion wilh Lhe F:1\.1 BI. ). 
We stil l have a large number of projec ts 
quc11NI up to follow on from the nine iclenti­
fiecl above. but \\'e are ve ry keen Lo ensure 
that. hriglll nrw ideas continue Lo be added Lo 
the list of contendcrs. \Ve there fore ·trongly 
encourage anyone with such idcas to con La 'L 

one of the Direc tors ·o that we ca n see whc­
thPr il is possible. l~qually well. we encoura­
ge conso l'lia of users intnesled Lo bid for 
funds from external sources for their favourite 
ins1 rum ent 01' proiect also to contact us. 
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illennium programme 

Review of developments 
in instrumentation 

C.J. CARLILE 

The instrument rebuild programme is 
now firmly established as a central 
and continuous theme in ILL life and 
earlier investments are bearing fruit 
whilst the new projects in the 
Millennium Programme have been 
launched. In addition, the need for 
infrastructure renewal has been reco­
gnised and we shall begin replacing 
two neutron guides in 2001 . 

Progress with Ongoing pgrade 
Whi l L Lhe 1illennium Programme is now in 
full swing, Lhe earl ier invesLmenL programme. 
colloquially known as UF I - the Upgrade of 
F'ive In Lruments - is taking centre stage. In 
som sense the two programmes now form 
a single conti nuous programme of in Lru­
menL build which we in Lend to main Win as a 
conswnL thread in ILt;s activilie . 

The D16 long wavelengLh diffracLOmeLer has 
been operating in its new configuraLion wiLh 
cheduled e perimenLs for over a year now. 

Special sample nvi ronmenL equipment -
shear ce lls and conLrolled humidity cells -
has been commi ioned. The projecL for an 
improved d tecLOr is underway and a proto­
type Lwo-dimensional wire device. de igned 
and as embled in-hou e. has been te Led 
with greaL ucce . 

After major commissioning work. the D 17 
renectometer is open Lo users in both mono­
ch romator and Lime-of-flight modes. 
Spurious , ignal and sources of background 
have be n hunted clown and refl ec tivity pat­
tern over cighL decades of intensity arc now 
feasible. By the implemenwtion of an intelli-
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Simon Wood on D 16. 

gent pulse recognition algori thm the maxi­
mum count-rate of Lhe delay line detecLOr 
has been lifLed from its original specifica tion 
of 175 kHz LO 400 kHz. Undoubtedly Lhi is a 
rea lly welcome addition Lo Lhe ILL"s instru­
ment park. 

The rebuild of the D4 liquids and amorphous 
diffracLOmeter was completed in June 2000 
and the nine eLs of micro trip detecLOrs in 
their ne\ hie ld ing and coll imator hou ing 
were inswlled on the beam-line. The in tru­
ment immediately opera ted ucce fully and 
within day fir t users were qui kly brought 
in to as ay the qua lity of the new in trument. 
The original aim to improve th precision of 
the instrum en t by an order of magnitude 
through improved counting Wti stics ancl 
reduced systematic rrors app ars Lo have 
been rea li ed. A five Limes incrca e in data 
rate is combined with a five times improve-

ment in detector swbility - much improved 
on even what was previously the mo t stable 
liquids instrument in the world. 

The IN4 time-of-flight spectrometer, an 
ILL/INFM Italy collaboration. is nearing the 
end of a painfu l rebirth. The two new hori­
zontal axis choppers are both insw lled on the 
instrument ancl operational. Pinal authorisa­
tion ha been given to remove the aluminium 
b am blocker. signalling the swrt of fir t 
mca urement which we eager ly await. 
Improvement to the instrument have b en 
made in parallel - detector el ctroni have 
been rcplac cl. the radial collimator has bren 
r furbi shed and the lo, -angle detector has 
been put in place for neutron Le L . 

The D20 microstrip detec tor in its mark-II 
vers ion is now delivering high quality data to 
the user programme. The meticulous manu-



Gabriel Cuello. llenry Fischer and Pierre Palleau during Lhe 11rst lest of D4. 

facturing and as embly proces , combined 
with online diagnostic oftware Lo monilor 
the detec LOr conditions. appea rs Lo have paid 

off. F'ir L diffraction patterns from tandard 
amples including vanadium were taken in 

September and the delica te Lask of balancing 

The new wheel choppers or IN4 (maximum speed: 5500 rpm) . 

all detector channels is complete and since 
October the user programme has La ken off to 
great acclaim. At the same Lime a the mark-II 
detec tor was installed, Lile ab ili ty LO take off 
at 122° from the monochroma tor was imple­
mented by a long overdue modification LO the 
hielding of the neighbouring instrument. We 

shall now set in place a programmed equen­
ce of detecLOr maintenance. 

The new triple-axis spectrometer IN8. an 
ILLJCSIC Spain collaboration. is showing 
visible progress on-site. The monochromaLOr 
drum was received in !ale September ancl all 
monochromator crysta ls have been spark­
eroded at ILL for Lile 3-facecl monochromaLOr 
it elf. F'irst neutrons arc expected during 
summer 2001. 

The rebuild of Lh e IN5 primary spectrometer 
is underway. Work commenced immediately 
following the end of reactor opera tion in 
mid-December 2000 with the removal of the 
present guide and chopper systems and Lhe 
new focussing guide and chopper pedesta ls 
are currently being insta lled. The manufac tu ­
re of the precision discs for the choppers has 
passed a signi ficant milestone with the uc­
cessful machining of four of the alumin ium 
chopper blades. A number of initial manufac­
turing techniques had failed LO achieve the 
necessary precision at Lhe circumference of 
the disc until a co ld-rolled (and hence pre fe­
rentially oriented) aluminium ingot wa used. 
Rather counter-intu itively thi has resulted 
in a disc well within specifica tion and rota­
tional tes ts are LO begin shortly. The IN5 
upgrade. when completed at the end of 
200 I . promises an order of magni tude 
increase in data rate. We are presenlly loo­
king at design options for Lhe secondary 
spectrometer. 

A new high-intensity cold neutron guide -
H 11 3. built in collaboration with the 
University of Heidelberg - is now delive ring 
neutrons LO Lile rebuilt PF'I machine in the 
ILL's first guide hall. The guide. with a super­
mirror coa ting and a cigar-shaped profile 
along its length. is a so-ca lled ballistic guide 
and cl r livcrs an astonishing intensity 80 
metres from the cold source of almost I 0" n/sec. 
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A strain imager 
at the ILL 

THILO PIR LING AND STEVEN ROWE ( ILL ) 

As part of the ILL Millennium 
Programme, ILL is constructing a 
neutron strain imager, dedicated to 
the determination of (residual) 
stresses, in collaboration with the 
University of Manchester and partly 
funded by EPSRC. Its construction 
and commissioning is foreseen to last 
for 4 years, after which time the in­
strument will become a fully schedu­
led ILL instrument. 

A train imager is an instrument for the non­
des tructi ve deLermination of residual 
tre es in ide maLter. Thanks LO thr high 

peneLralion power of neutrons. both mall 
an I large componenLs can be investiga ted. 
The technique covers a large range of appli­
ca tion in ba ic. applied and industrial 
research and materials testing. Exa mples 
include weld . interfaces. coatings. harde­
ning. compo ite materials and fatigue pro­
cesses. Both high penetration and high reso­
lution are required aL the same time to allO\ 
high po •ition accuracy for Lhe smallest and 
Lh larges t sample. 

The construction of a reliable in trument 
dea ling wilh uch a broad range of applica­
tions and specimens is the challenge of the 
strain imager pro jec t. No t only are the 
technica l p cifications our concern . but also 
a user-frienclly operation. 

The project was tarted at ILL in January 
2000 and the design and fea sibility studies of 
the overall instrument have already been 
com1 leLCd . During the ummer we have ca r-
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ried out simulations of the monochromaLor 
and Lhe neutron guicle de ign. The pecifica­
tions of the monochromator and the guide 
have now been defined. During the current 
reac tor shut-down. Lhe excava tion work for 
Lile experimental area - down Lo a depth of 
2 metres - ha begun. 

General design and technica l 
aspects of lht' strain imager 
A \\ ell-definccl monochromatic neutron beam 
with a cross sec tion of typica lly I mm' pene­
trate the sample. Part of the beam is reflec­
ted by cry ta I line planes or the prc imen ancl 
i imagecl on the detector by secondary 
optics. The primary and secondary opti cs 

Design study of the new strain imager. 

determine the ize of the gauge volume whict1 
defines the lateral re olution. The stre s dis­
tribution in the pecimen is mapped b can­
ning aero s the ample. The precise position 
of the sca ttered peak contains information 
about the variation of the laLtice spacing 
( train E) in the crystalline material. whi h is 
re lated to stres by Hooke's law. In principle 
our strain imager i a 2-axi high re olulion 
powder diffractometer. applied with special 
optic for the definition of the gauge volume 111. 

The strain imager will be loca ted in thr first 
guide-hall. on the H22 guide. between 
DI A/ D 113 and the new VIVAI ,DI instrument. 
Space is an essential requirement for the 



slucl or large sample·. Thererore. Lhe exp1·­
rimr nLal area \\'ill be quite e.,tcnsi\ e . illing 
about 1.6 m below Lh<' beam ax is. Fig. I 
shm\ s L11 e overa ll \'if' \\ or the ruture in ·tru ­
men L A 50° range in t11 take-orr angles ror 
the monochromator will enablr a continuous 
choice or wavelengths brtween 1.3 ancl 4. 5 . 
The instrument will slicle on air-pacls over a 
marble noor. 

Compar·rcl Lo mosl of LIH' in struments al ILL. 
a strain imager dea l. \I ith "rea l" engineering 
components. T11r can have any shapr. but 
thry must be ver~ prrc ise ly alignecl. orten in 
orientation not ra sy to handle. 

Our sa mplr table (a Str ward platrorm . or 
hexa pod known rrom rlight simulaLOrs for 
pi lots) is ideal ror thi s 1a k. In rac t. it is 
ea pa Ille or positioning a sa mple 01 er a large 
r·,rnge or tilling angles and trans lation s. 
Rotations arouncl an rrrrly derinecl pivot 
poinl ancl sca n along a rrerly clrrinrd tr·ajec­
LOry are pos. ible. It \\'ill be• pos: ible Lo load 
, amplr . up LO I 000 kg and pos ition them to 
an accurac or I O µm on short rangr. 

Lasr rs ancl a closed circuit T ca mera 
system 11 ill help us to align any sa mple in a 
quick and reliable way. 

In order Lo be ab lr to mount a specimen wi th 
its centre or gravity abo1e Lhe crntre of the 
sample table. tile l1exapod can be tli splace cl 
on tile omega t.ablr. u ing an air cushion sys­
tem. A displacement or GO cm is easily 
poss ible. but we are en\i saging up to I m. 
This woulcl give us tile poss ibility to mounl 
samples or 2 m length. f\ reasillility study is 
in progress. 

Monte Carlo calculaLion s. perrormed by Jan 
~aroun ( uclear Phy ics Institute of Rrz. 
I rague). have shown thaL Urn op timum 
design or the monochromalor is a clouble 
focusing assembly. consisting or bent 
Ge-crystals. Tile curva ture must be variable 
in both directions: llori zont.al and ve rtica l. It 
has 10 be opLimisccl ror each cl iffracting angll' 
20 ancl it shows best resolution over a rela­
ti ve ly small 20 range. Hut thi s matches well 
to the neccl s of SI rain measurements. since 
there is only onr rr nec tion uncler in\ estiga­
Lion at a tim e. 

Ra<lial co ll imators arc brst suitr<I to a double 

rocu ing monochromator ror the rlerinition or 
the gauge 1olume. The Lake advantage or the 
divrrgent neutron beam and focus it on Lo the 
ample. ha ping a preci ·ely clerined gauge 

volume. This concept was developed and te -
Led on DI A I 11 . To be erricient. the mono­
chromator itsc lr require a minimum cliver­
gence rrom the neutron guide. Tile calcula­
tions have shown that a super-mirror guide 
with a relative angle or total rcnection or 
m=2 provi<le, Llic optimum divergence. 
Fortunately 11 22 "ill be replaced by uch a 
guiclc starling in 200 I . Compared to Lile pre­
sent situation on DI A. this will provide a ga in 
in 1wu1ron nu:-. orbrtwern 3 ancl 5. depending 
on wave length. 

The nr u1ron strain imager is unique in SC'\ e­
ral respects: not only will it br the rirst ILi. 
instrument to use a hexapod sample pos itio­
ning system. IJut it will also incorpor·atr a 
1·ariahlr double focusing monochromator -
Lile nrst or its kind at the ILL. 

Tile year 2000 has seen a lot or progre ·s 
towards the• realisa tion or tile instrument. \Vr 
are looking rorwarcl to the collaboration II ith 
Pror. \\'ilhers and his C0-1\ orkr rs (Cni1•e1" ity of 
Manchester). starling in 200 I 11 hich 1vill inspire 
and push rorwarcl the projrc t tremrnclously. 

r 

R EFERE NCES 

e [1] SEE ARTICLE " N EW BEAM OPTICS FOR THE DlA 

STRAIN-IMAGER '' IN THIS REPORT ( P. 86 ) 
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echnical developments 

Optics for strain imaging: 
radial collimators or slits? 

• T. PIRLING ( ILL) 

A number of neutron strain imaging 
applications require high resolution 
[1]. These are mainly measurements 
at interfaces or surfaces, and along 
steep stress gradients. Unfortunately, 
the available flux of a neutron source 
sets practical limits to the smallest 
useable gauge size, and thus to the 
lateral resolution. Furthermore, the 
choice of the beam optics is crucial 
due to the so-called surface error, 
which occurs during interface, or sur­
face scans, when the sample does not 
entirely fill the gauge volume. 

Most strain imagers (or scanners) u e lit 
apertures for the definition of the gauge volu­
me. But just where the highest lateral re o­
lution is demanded - at interface - they 
introduce the largest errors. To overcome the 
experimenta l inaccuracies. the strain imager 
option on DlA has been equipped uccess­
fully with a secondary radial collimator in 
1997 [2]. Many inaccuracies and inconve­
niences could be improved [3]. But the ur­
face error still remained. It lies in the range 
of everal 100% to several 1000%! Its cor­
rection is very difficult and uncertain since 
the mea uring conditions are not very well 
defined by the primary slit and. of course. big 
numbers have to be corrected to obtain rela­
tively small values. 
The work on D1 A has shown [ 4] that the sur­
face-error is mainly caused by the wavelength 
distribution in the primary beam. which is 
caused by the monochromator I slit combina­
tion. A collimator in place of a primary slit 
can equalise the wavelength-distribution and 
therefore redu ce the surface error. Only a 
small geometrical error remains which can 
be analytica lly corrected. thanks to the per­
fect definition of the experimental conditions 
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by the collimators. During the year 2000 we 
have installed a primar radial collimator 
and tested it succes fully. ll ha led lo better 
performance. higher resolution and lo more 
reliable results al urfaces and interfaces. 
Thi will extend the rang or applications of 
the neu tron strain imaging technique. Pirsl 
experiments have already been performed at 
ILL. u ing the new optics. 

The principle of strain imaging 
The idea or strain imaging i to determine the 
train in the crysta lline lattice or the mate­

rial. from which the stress is then ca lculated. 
The strain " is defined by the variation or the 
lattice pacing d relative to a tress-free 
reference value do. A diffraction method is 
very well suited for its determination. By dif­
ferentiating the Bragg equation we get a rela­
tion that allow u to determine strain ju t by 
mea uring the variation L10 or the diffracted 
peak position referred to il po ition 0o in a 
tress free sample: 

d-d0 e = ----"'-- = - 1::!.. 0 cot 0 0 
d o 

Strain i mo lly reported in µ£ ( l 0-11 e) which 
is 1 ppm lattice distortion. I looke's law 
connects strain £ and stress a. Here the 
genera l formula for a cubic mater ial: 

E vE 
a, =--e, + -----o,ett 

1 ( I +v) 1 (I + v )( l - 2v) 1 

Whereas v is the Poissons-ratio and E 
Youngs modulus. To determine the stress 
tensor. measurements in 6 different orienta­
tions have to be performed. In most cases. 
the direction or the principal axes can be 
assumed to coincide with the principa l axes 
of the sample. In this case three measure­
ments in these directions are sufficient to 
determine the complete tensor. 
To understand the difficulties of a measure­
ment and the different error source . the 
principle or the experiment will be explained. 

eutron guide 
/ Moaochromalm 

Pig. 1 and 2 show a sketch 
of different experimental 
configurations. The pri­
mary optics defines a 
neutron beam with a 
specific cross- ec tion. 

primary 
sli t 

secondary 
slit I 

PSD 

figure 1: Set-up of a train imager. using slits for the definition of 
the gauge volume. Due to the divergence of the neutron beams the 
slits should be positioned as close as possib le towards the sample. 
The gauge volume is diffuse and diverging. even in a 90' scattering 
geometry. 

which penetrates the 
sample and is scattered 
by the material. The 
secondary optics elects 
a fraction or the catte­
red beam and images it 
onto the detector. The 
intersection or the two 
beams is the gauge volu­
me. The precision of the 
definition of the gauge 
volume determines the 
lateral resolution. In the 
simplest case the optical 
components are just slit 
apertures as in Pig. 1. At 
ILL we are us ing radial 
collimators. as shown in 



Neutron guide 
\ Mo"och,omato, 

exceed 20 mm. This com­
pli cates the alignment 
and increases the risk of 
co lli sions during the 
scan. Apart from surface 
scans the slits are fur­
ther away and measure­
ments ca n only be perfor­
med with less reso lution 
than expected from the 
slit climen ions. Th is is a 
big di advantage for the 
investiga tion of internal 
in terfaces. F'u rthermore. 
the sli t optics provides 
wrong values when sca n­
ning along steep stress 
gradients. geUing worse 
with increa ing distance 
of the slits. 

sample ~~~., 
collimators 

secondary 

I ---=== 
------===== 

PSD 

F'igure 2: A stra in imager equi pped with radial collimator for the 
ga uge definition. The collimaLOrs focu the whole diverging neutrons 
onto the sample. but define a perfectly shaped gauge volume with 
parallel borders, which is rhombic for any scattering geometry. Due 
LO the fixed di Lance of the co llimaLOrs. no rea lignment needs Lo be 
done after sample changes. The foca l length of the co llimators - at 
D1 A 150 mm - leaves a lot of space for sample movement and sample 
environment. 

Espec ially in Lhe vertica l 
direction. this error is 
extremely high. particu­
larly when a focusing 
monochromaLOr is instal­
led. But for the efficient 

F'ig. 2. To be efficient. the detector is a PSD 
(Position Sensitive Detector) since it detects 
the whole or a reflected peak at one time. To 
perform a complete mapping. the sample is 
scanned. 
F'rom this we can deduce the requirements 
on the experimenta l se t-up: a well-defined 
and sharp-edged gauge volume for high late­
ral resolution: perfec t imaging or the peak 
shape; and high angular resolution for prec i­
se determination of strain ancl thus stress. 
High neutron flux enables either small ga uge 
volumes for better lateral resolu tion to be 
probed or enables measurements LO be made 
deeper inside large samples. 

Slit optics 
Using sli ts for the definition of the gauge 
volume is relati vely simple and allows a 
flexible des ign because it is easy LO adapt the 
gauge size LO the ample. But it has many 
weak points. 
To achieve good latera l resolution. the slits 
should be positioned as close as possible to 
the gauge volume. The reason is that on the 
primary side the beam divergence ancl secon­
dary the peak width increases the ga uge size. 
For good resul ts the distance should not 

u e of neutrons thi s is 
indispensable. On D1 A a 200 mm high beam 
is focussed down to abou t 15 mm on the 
sample table over a dista nce of 1500 mm. 
The resulting beam dive rgence is about 7. 5°. 
Under these conditions the gauge vo lume 
defined by a sli t aperture is several times 
bigger than the apertu re and qui te diffuse. 
even at relatively small di tances to the 
gauge. A high-resolution vertica l scan is not 
feasible. This is unsatisfactory. because the 
appea l of vertica l scans is that they are not 
affec ted by one of the biggest problems of 
neutron strain-scanning: the surface error! 

Surface error 
The surface error is an instru mental effec t. 
which occurs du ring scans in t11 e scattering 
plane when the diffracti ng material passes 
out of the gauge vo lume. This is the case at 
surfaces or at interfaces between two diffe­
rent materials. The peak fit provides shifts. 
which easily can be between 4 and 10 times 
higher than the rea l va riation in the sample. 
Th ree different effects cause the e shift : 
geometri ca l position or the centre of gravity, 
peak clipping and the wavelength distribution 
across the primary beam. 
The geometrica l hift occurs because the 

centre of gravity of the effective sca ttering 
gauge volume i moving while the sample is 
passing out or the gauge vo lume. 
Th is leads to a movement of the peak position 
on the PSD. which can be misin terpreted as 
an angular peak shift. F'urthermore the 
reflected beam profile is cut by the sli ts. Th i 
leads LO an a ymmetric peak with a reduced 
peak width. Since the original peak profile 
can not be reconstructed. an erroneous 
determination of the peak position and width 
is the result. which creates errors in the 
stress va lues. 
The third source of error. the wavelength di s­
tribution in the primary beam. contributes 
the biggest fraction [4 ]. It is caused by the 
primary slit: for any point in the gauge 
vo lume the slit apertu re cuts out a different 
frac tion of the divergent neutrons from the 
monochromator. Since the wavelength is 
related to divergence. the wavelength-d i tri ­
bulion across the beam is not homogeneou . 
In urface scan when the sample pas e out 
of the ga uge volume. the varying wavelength­
distribution leads to huge peak shifts. 
Whilst the errors. ca used by the first effects 
de cribed are in the range or several 100 µe. 

the latter acids several IOOO µe1 A correction 
is not reliable and neither is it practica l. due 
LO changing measuring geometries. 

Focusing colllmators 
Replacing the li t by collimators has howe­
ver many practica l advantage . Since their 
focus is fi xed. they stay at the same position 
and no changes have to be made when chan­
ging the scan direction or the sample. No 
rea lignment is necessary and neither does 
the experimenter need LO worry about the 
best location of the optica l elements - unlike 
slits. Furthermore. the lateral resolution is 
only determined by the collimators. Scans at 
interfaces deep inside the material can be 
performed with the same precision as at sur­
faces. Since the foca l length is quite large. in 
the case of the co ll imaLOrs on D1 A it is 
150 mm. there is the necessary space for 
sample movements and for large samples. So 
this technique is very well matched Lo one of 
the biggest advantages of neutrons. which is 
their penetra Lion power. Furtherm ore. 
sample environment - li ke i. e. a furnace. 
stress-rig. or cryostat - does not allow sli ts 
to be placed close LO the sample. Coll imators 
leave enough room for the equipment. 
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The gauge size is clefinecl only by Lhr collima­
tor and does not depend on the beam diver­
gence or peak width [3J. The collimat.or takes 
advantage of t11e beam divergence without 
reducing the 1'esolulion. So L11e primary colli­
mat.or can also be u ed to define Lhe vertica l 
gauge height by turning il 90. Vertical scans 
can L11en be performed with the same high 
resolution as hori zonta l scans. This is a big 
advantage. since these scans. a we have said 
earlier. are noL affected by the urfacc error1 

13ut that is not all: Lhe negative effects. descri­
bed in the last section. for cans in the scatte­
ring plane. a1'e avoided or rccluced. Peak clip­
ping is LOI.ally inh ibited by Llie secondary coll i­
mator. Peak shape analy i . used for the eva­
luation of second order tresses. can thcrel'orc 
he performed close to the urrace or interface. 
Since Lile primary collimat.or roca lises the 
whole divergence of the neutron beam coming 
from the monochrnmator onto the sample. Lhe 
wavelength-distribution inside Lhe gauge volume 
is equali ed. Thi means. that the mean wave­
length is constant ac ross the gauge. wh ich. as 
described in Lhe previous section. eliminates 
the biggest part of L11e surface-error. 
Only the geometrica l error remain s. since the 
combina tion PSD / secondary collimaLOr is not 
a tota lly angle sensitive system. But due to L11e 
perfect defined gauge volume. and Lile well-defi­
ned measuring geometry. U1is error can be cor­
rected analytically. 
Vig. 3 shows a comparative measurement of a pri­
mary sli t and a collimator set-up. The sample was 
an iron powder to make sure L11at Ll1ere is no strain 
gradienL Such an experiment shows direcLly Ll1e 
surface error. In case of a 2 mm wide seconclary 
gauge widL11 and taking into account Lile detector 
distance or 800 mm. the pure geometrical error 
should be maximally 604 µE and 360 µE for a 
gauge size of 1.2 mm. This i perfectly verified by 
the measurements. The maximum measured 
error of the slit set-up is 1600 µE u ing a 1 mm pri­
mary sliL And L11 is is the optimum slit configuraoon 
or DlA Olten Uie en-or reach more than 200J µE. 

Condusion 
The introduction of a primary raclial coll imat.or on 
the strain imaging option at DI A has solved the 
out.standing problem of the urface error. This 
makes high resolution experiments possible. 
F'urlhermorc. radial collimator provide a precise 
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Figure 3: Th rough-surface scans or an iron powder sample in different scattering geometrics. Thr 
Sary slil. All other curves werr measured u ' ing the two collimators. Thr diffracting angle was 
95 (l,'c( 11 0)) ancl I 09 20 (Fe(2 I I )) . In one case Lhe secondary collimator was approximated Lo 
Lhe sa mple so Lhat the ga uge size was 2 mm (red curve). The error of the collimator configuration 
cloe~ not rxcecd the geometrica l error. 

defined gau6ie volume. and ensure a constant high 
lateral ,x~solulion at any poinL inside U1e sample. 
They lcavr room ror large samples. sample envi­
ronment and sample movement. And last but not 
leasl. Liley simplify Lhe alignment. 
Radial coll imato1·s fit very well to a - horizonta l 
and vertical - focusing monochromator since Liley 
loca lise U1e wl1ole divergent neutrons onlD U1e 
sample wl1i le at Ll1e same Lime achieving high 
resolution. We are now optimising Lile mechanical 
support for the two-collimat.or configuration. 
Unfortunately the space on the DI A diITractome­
ter is limi ted. So only small samples up Lo approxi­
mately 100* I 00*30 mm ' can be measured in Lile 
new arrangement. They will be mounted on an 
eulerian cradle. equipped with a small xy-tablc. 
For larger samples U1e primary slit system in 
combination with the secondary collimator will be 
used. as before. 
The ga ined experience will be applied to the 
design of the new Lrain-imagcr currcnLly under 
constrnclion. 

R EFE R EN C ES 

e (1) SEE AS WELL " T HE ILL STRAIN· IMAG ER" IN THI S 

ANNUAL REPORT, P. 84 ( 2] T . PIRLING , R.C. WIMPORY, 

STRESS MEASU REM ENTS ON 01 A: A NEW HI GH PRECISION 
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New 1 .8 K cryogen free cryostat 
available to the users 

• M. DE PALMA, F. THOMAS AND S. PUJOL 
( ILL) 

The ILL Sample Environment Service 
has developed a Joule-Thomson low 
temperature low cooling power stage 
to expand the temperature range of 
commercial cryocoolers down to 1.8 K. 
Two prototypes have been made. The 
first one is incorporated into an ILL 
top-loading cryocooler and therefore, 
routinely available to the ILL users. 
The second one is mounted on the 
four-circle bottom-loading cryocooler 
of the XMAS line, the UK CRG at 
ESRF. 

A desc ripLi ve of L11r ,Joule-Thom son sLagc is 
shown in F'ig. I . Sprcia l atten tion has been 
paicl Lo achieving a compact des ign ancl a 
ba se tcmperaLurc l)clow 2 K. This stage ca n 
be acl cled Lo any com mercia l cryocoo ler 
which ca n reach base temperature be low 
10 K. The overa ll dimensions of Lile stage 
are typical ly 34 mm cliamcter x 85 mm high. 

Fig. 2 shows L11 e ILL Lop-loacl ing cryocoo ler 
(left) and Lhe XMAS l.JotLOm- loadi ng cryocoo ler 
(righL). In Lhe foregrouncl. one can see Lh e 
sa mple holder or the Lop- load ing machine. 
This sample holder is very similar LO Lhose 
u eel in an Orange CryostaL. wiLh Lhe same 
outrr diameter. and an ad ju stab le length 
with a sample at low Lemperalure. In Lile 
photograph. the actual length is 9 I 0 mm. 
Fig. 3 cle cr il.Jes schema ti ca lly the l.Jouom­
loading cryocoo ler set-up. To opera le il. one 
nrrds only a Landarcl pressurised hel ium­
ga. hollle. a liquid-nitrogen Lrap and a 5 m' / h 
primary pump. The working pres ure on Lile 
condensing line is arounrl I 0 bar and l11c 
helium-gas consumption i 4 m 1 / wrek STP. 

Figure I : Picture or the Joule-Thomson stage or the 
X !AS rryocoolcr. 

l•or L11e top-loading cryocoo lcr. the se t-up is 
similar exce pt that the liquid-nilrogcn trap 
is nol neecled. 
The base temp rn turr' is 1.8 K. and the 
maximum till anglr LO keep the IJasc 1cinpe­
raLL1re below 2 I< is 50°. The typin 1l coo ling 
power is 2 mW at 2 Kin a vert ica l pos ition. 
FurL11cr imprnvcments of the cl cviccs awa it 
u ers· co mmen ts following fi r lcl Le ts cur­
r·ently unclcrwa y. Sl10ulcl th ese tcsLs prove 

., 
"' Cl ., 
:c 
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f! .... 
"' z 
..J 

50 K 

Figur\' 2: Picture of thr ILL 1op-loarll11g cryocooler 
(lcll) and or the XMAS bottom-loarling cryucoo i<'I' 
(right) . In forcgmund. tlr t' sample-holder of lhc lop­
loading nwehine (length n I O mm). 

positive. we plan LO put morr sucl1 nyostats 
into operation sincr th ey use Jes · material 
resources than an Orangr Cryostat. clo not 
nerd frequent cryogenics l'luicls filling. ancl 
promi ie greate r rclial.Jility. 

:{Tu] Ji s '\I. 1) ~( 

GiJ<VV !/0 r.>J !:lil' 

Figtrrc 3: Schematic dra\1ing or the XMAS cr)ocooil'r se t-up. The ,Joule-Thomson (JT) stage is arl!lcrl lo an \l'D 
cryocooler 10 rxpancl the temperature range rlo11 n Lo I .B K. 
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H 113 neutron guide 

• W. KAISER ( ILL) 

The project for a new guide on the 
vertical could source was first propo­
sed by P. Ageron, J.M. Astruc and A. 
Robert in 1991. It has been finally rea­
lised with supplementary external 
funding of the Universities of 
Darmstadt, Munich and Heidelberg 
and delivers by far the highest intensi­
ty cold beam from a guide, exceeding 
1012n/sec. The new H113 guide is desi­
gned on a so called ballistic guide. 
The present guide has a divergent 
section at its entrance and a conver­
ging section at its exit which provides 
a very rough approximation to this 
profile. 

Design, Manuracture, Moun ting and 
Flux Measurements 

In-pile part 
The H 11 3 guide starts 2.2 m away rrom the 
vertica l co ld source or the r 'actor. Over a 
length of 3. 7 m Lhe guide is stra ight and 
slightly convergent with a cross section of 
200 x 68 mm2• exit sec tion 200 x 62 mm 2 

and is coa ted with Ni58. The in-pile part of 
the H 113 guide. mounted during the reactor 
shutdown in 1994. is made of borated ( 19% 
8203) glass with low soda content (0.4% 
Na20) from Corning. designed and manurac­
Lured by Cilas in Orleans. 

Out-of-pile part 
In the out-of-pile part the guide is designed 
as a "ballistic guide", traighL and divergent 
over 10 m. expanding Lo an exit section of 
200 x 90 mm2 and curved with R = 4 km 
over 52 m. then straight and convergent 
over 10 m to 200 x 60 mm2. IL i coa ted with 
supermirror m = 2. This section was des i­
gned and manufactured in co llaboration 
with the University or Heidelberg and the 
company Sputter-Di.innschichttechnik. also 
in Heidelberg. 
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Figure I : eutron capture nux measured (li lied circle ) and ca lcu lated (empty circles) along the ball istic super­
mirror cold-neutron guide 111 13. F'or comparison. the capture nux at the present beam station PF' I (H53) is al o 
given. 

The 6 m out-of-pile part length in the swim­
ming poo l. insLallecl clur ing the July/August 
1999 reactor shutclown. is macl e in 6 mm 
thick float glass. aga in with m = 2 supermir­
ro r coating. assemblecl with Aluminium pro­
files. The 8203 content of the glass to avo icl 
racliaLion damage in th i • case i les than 
1 % ancl the a20 content i about 12 to 
15%. The guide elements are activa ted by 
(n.y) reactions in Na and Al. A 0.5 mm thick 
cadmium foil arnund the gu ide elements pro­
tects the hou ing which were made in a 
stain les tee ! with low cobalt content 
(- 0.1 %). Th is gu ide section penetrates half 
a metre into the swimming pool door in the 
H 1-H2 casemate in the reactor hall up to the 
safety va lve. 

The succeeding pan. 20 m in length. passes 
through the reactor hall and the reactor 
shell. The guide element were insta lled 
during the May 1999 reactor shutdown. 
These guide element were made in 6.5 mm 
thick borated floa t glass from Schott in 
Ma inz. using the same supermirror coating 
and assembly technology. The B203 content 
is about 12%. and the Na20 content around 
8%. The hou ings downstream from the 
safety valve were made from normal stee l 

ancl the guide elements were ab le to be 
mounted without cadmium foi ls. 

The final part in the neutron guide hall. and 
46 m in length. has been in sta lled du ri ng 
the winter shu tdown 1999/2000 with the 
clcs ign identica l to the 20 m up trea m sec­
tion. The guide comes to the end in the prima­
ry casemaLe of the new PF'l 8 beam facility. 
F' lux measurement with gold foil s confirm 
the computer simulation 111. 

The installation of this intense neutron 
guide has been a story of determination. 
which in the end has paid off handsomely. 
The bea m rlux can be further increased by 
the addition of a multi-bladed mirror assem­
bly. Among Lother aims. this beam posi tion 
will be used Lo push down further the upper 
limit of the electric dipole moment of the 
neutron. 
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The D17 reflectometer 

• R. CUBITT ( ILL) 

The main requirements for a reflectome­
ter are high flux, flexible resolution, accu­
rate collimation and precise spatial 
detection. 017 has all of these proper­
ties. This article shows some of the first 
results taken with 017 using the time-of­
flight (TOF) option, including data from 
the first official experiment. 

The principal I·eason J'or having a TOF option on 
this instrument was to enable experiments on 
Lile kinetics of planar materials to be performed. 
Tl1 is is possible because a range of q is measured 
•imultaneously using a whi te beam as opposed to 
the monochromatic mode where the sample 
angle has to he rotated for each point in q. The 
TOF is less el'ricien t than the monochromatic 
mode in term s of the nux available at each q 
poin t as the llux at the extremes of usable wave­
lengths are much lower than the peak nux used 
in the monochromatic mode. Having a chopper 
system where the 1·esolution can be continuous­
ly varied. however. compensate· for this as llux 
can be gained when high 1·esolution is not requi­
recl. A seconcl advantage is that when seuing up 
experiments it is easy to check the alignment of 
the sample alter only a rew seconds of data 
acquisition. For example. Fig. 1 shows raw data 
from counting ror only 1 O seconds. The vertical 
resolution of the detector has been summed 
resulting in a pictu re wi th horiwnta l pixels cor­
responding to 20. and vertica l pixels repre en­
ting wavelength. It can be seen that above the 
critical wavelength where total renection occurs 
there i • no intensity in the direction or the inco­
ming beam. This means that no neutrons ny past 
the sample surface and this surface is under illu­
minated and correctly aligned with respect to the 
incoming beam. The picture demonstrates the 
fact that neutrons obey simple optical laws. It 
can be seen that below the critical wavelengt11 
the transmitted l)eam is refracted towards the 

Figure I : TOF alignment data taken in I O seconds. The sa 1111i le was a Si/D20 intcrrace. The right-hand side shows 
the transmitted rcrracted beam and on the lcrt is the specular renection . 

horiwn showing that neutrons. unlike light. have 
a refractive index less than one (for a material 
\vith positive scattering length density). The cur­
vatu re of the diffracted beam ,vi th wavelength is 
clue to the fact that the Form ula for neutron 
refractive index has a wavelength squared term. 

For the fi rst officially scl1eduled experiment (July 
2000) neutmn renectivity curves were measured 
from aclso1·bed lipid bi-layers at a silicon/water 
in terface 11.21. The lipid layers undergo a phase 
transition from a gel to a nuid phase and it is 
known that around the transition a substantial 
increase or U1e thickness at the in terface is clue to 
an increase in the quanLity of water between the 
lwo bi-layers. The q-range explored on 017 (see 
Fig. 2) wa larger than that measured in the past 
on this kind of sample as the lowest renectivily is 
usually limi ted by background from bulk water 
and sample cell. Willi the high nux and wide-angle 
multi-detector 131. renecLiviLies of - 10' could be 
mea urecl in t11e reasonable time or one hour. 
Analysis is still in progress but the increased 
q-rangc should give additional inl'orn1ation for 

modelling cell membranes. As the water thick­
ness i larg ly defined by the fir t minimum in 
the rcnectivity. a limi ted q-range (0.005-0.05 A. ' 
measurable in 7 minu tes) is sufficient to follow 
the water thickness through the tran ition. In the 

0 O.l 0. 15 O.Z O.Z5 

q (A-1) 

Figurr 2: TOF rcnectlvity from a lipid bi- layer al 57' C In 
the fluid phase In D2O on a SI base. The bottom lrll lnscrt 
shows the scattering length denslly promc n11 ed to lhc 
data wi th Lile wa lcr layer lhlckncss Dw. The lop rlghl 
lnscrl Is the n11 c-d w:11 cr thl r kncss as a runr llon of lcmpc-­
ralul\' showing Ille sharp translllons. Mc-as11rc111c11t lime 
was fl0 minut ·s. 
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top-right insert or Fig. 2 the nu.cd U1ickness of Lhe 
wa ter layer between the two bi-layers is given at 
the diITerem temperatu res hown. 

In addilion LO the ability to ubLracL incoherent 
background more emcienlly there is another 
advantage in having a large area multi-detector. 
About the specular renection there can be arr­
specular scattering arising rrom surrace rough­
ness or. as in the case described below. low­
angle diffrac tion. The sample was a cliffraction 
grating consisting or a glass substrate with thou­
sands or strips or nickel. 900 A deep separatecl 
by 10 µm (Ott and Menelle. Saclay). If Lhis gra­
ting were placed perpendicular· to the incoming 
beam then I O A neutrons woulcl be cliITraclecl 
only a rew U1ousandU1 ora degree (t~'< = 6x 10·· A'). 
beyond the range or any existing small angle ins­
trument. However. ir the incoming beam strikes 
the grating surrace at a glancing angle. then 
many diffraction orders can be seen in both Ihe 
renected and transmitted beams al measurable 
angles or denection (Fig. 3) . In aclclition to infor­
mation on the stripe separation. Lhe depth profi­
le (consistent wilh 900 A) is revea led in the 
ripples or in tensity found running along the spe­
cular line and the va rious renectecl cliITraction 
orders. 
The diagonal line of intensity coming rrom where 
the specular line just tota lly renects is a Yoneda 
wing and is a consequence or the roughness 
along the urface of the nickel strips. 

D17 is ideally sui t.eel to inve Ligate not just strnc­
tures as a function or depth but also \\~thin the 
plane such a magnetic grain boundaries or poly­
mer droplets. Recently. both the monochromatic 
and the polari sed neutron modes of the instru­
ment have been succes fully test.eel. The polari­
sa tion analyser will be installed in the winter 
shuLclown 2000. 

Userul wavelength range 
Oz range (normal IO a surrace) 
Ox range (wiihin a surrace): 
white beam nux 
Deiecior size 
Detec!Or resolution 

2-20 A 
2x10' - 3 A-1 

1x10·0 - 2x102 A-1 

10'0 n/s/cmi 
250 x 500 mm 
1.5 x 3 mm 
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Figul'{' 3 : TOF diffraction and subsrqucnt rdrarlion. rcner tion and inlr rkrt:·n­
cc rmm a Ni grating on a glass substrate. ~lcasurcmcnl lime was 30 minutes. 
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The D4C diffractometer 
for liquids and glasses 

• H.E. FISCHER ( LU RE, ORSAY ) 

• G.J. CUELLO, P. PALLEAU, D. FELTIN ( ILL) 
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Immediately following its successful 
commissioning tests in May/June 
2000, the D4C instrument became 
operational and welcomed its first 
users. Although the absence of the 
hot source allowed only 0.7 A neu­
trons to be used, the first D4C experi­
ments confirmed the anticipated per­
formance of the new instrument. The 
scientific motivation of the D4C pro­
ject was to increase the overall preci­
sion of the former D4B instrument by 
nearly an order of magnitude, 
implying not only a large increase in 
counting rate to reduce random error, 
but also a corresponding reduction in 
systematic error through improve­
ments in detector stability and back­
ground counts. Higher instrumental 
precision was necessary to extend 
the capacity of D4 to a greater range 
of samples and in particular to new 
elements for which isotopic substitu­
tion experiments can be performed, 
such as silicon and carbon, the latter 
being useful for determining partial 
structure factors of biological solu­
tions, for example. 

Figure I : Top-riell' schema lie of IHC showing the arrang!'mcnl of the 9 microstrip detectors and their 
collimation luhe . 

1b in I·ca ·e drLcc tion solid angle and sLallility. 
the D4C µrojccl replaced the 2 multiwire 
deLrcto1· or t.lll' D413 liquids/glas es diffrac­
tome ter with 9 microstrip deLectors in a ran­
likr array (Fig. I). and al o made upgrad sin 
n utron sh ielding, detector collimation and 
elrc troni cs. Both detector types use 'I le as 
dctcclion gas ancl have 64 cells allowing 
position-scn •itivc detec tion along one dimen­
sion (Lile caLL ri ng angle 28). lluL Lhc ce lls or 
D4C arc I 00 mm high as compared to 70 mm 
for D413. The u ual configuration for D4B 

placed its two clr trclo rs at radii of about 1.5 
m and 0.75 m (giving 28 widths or 0.'I° and 
0.2" pC' r ce ll. resprc l.i vcly). The 9 D4C dcLcc­
Lors at a rad ius of I .14G m (0.125" per ce ll ) 
prnvidr a factor of 4 increase in total so lid 
angle or detection as compared Lo D4B's 
usual configuration. amounting Lo a fa ctor of 
5 increase in to tal counting rate ror typical 
sca ns lluc Lo reduced detector movement lime 
for D4C. For scaLLcring angles or le s than 
about 50". Lile increase in counting rate over 
D4B is in racL a !'actor or about 10. Average 
stati sLi ea l precision of 0.1 % (per 0.125") can 
be obta ined in a couple hours on D4C for 10 % 
scaucrcrs or typica l sa mple dimensions. 
The mechanical stability and other acl van­
Lagcs or the microstrip technology 111 permit 
a greatly enhanced counting stabi lity ror 
D4C's cl Lectors (rig. 2) as compared Lo Lhe 
mulliwire technology or D4B. Previous tests 
first ver ifi ed the prop r functioning of the 
D4C prototype detector and its assoc iated 
electronics 121 and Lilen finali sed the des igns 
for deLcctor collimation. beamstops and neu­
tron shielding 13 1. A detector counting rate 

stability of 2· I o·• over nearly 3 days was first 
measured for the D4C prototype detector as 
compared LO only 10'1 ror a D4B cletecto1· 
(Fig. 3) . and then confirmed ror the 9 D4C 
detectors during the May/June 2000 com­
miss ioning tests . The factor of 5 increase in 
LOLa l counting rate for D4C is thus matched 
by a factor or 5 increase in detector stab ility. 
as compared Lo D4B. 
Each of the 9 microstrip detectors has an 
angular range or 8° in 28. which is slightly 
la1'ger than hair of the 15° fixed angu lar 
separation between cleLecLors. allowing the 
execution or a complete 135.5° sca n with 
sufficient overlap via a 7. 5° displacement of 
Lhe 9-dctecLor ensemble on an air-suspen­
sion (Tanzboden) surface. This reasonably 
quick two-step scan techn ique allows some 
rea l-Lime di ffraction studies Lo be performed 
at D4C. The minimum and maximum scatte­
ring angle for typica l scans are about 1.5° 
and 137°. 
The D4C detec tor collimation design assures 
that any point on the detection urface ee 
Lhc solid angle subLended by the sample volume 
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F'igure 2: The interior or a D4C micro trip detector. howlng the front face or the microstrip 1>latc: a gla s 
(Schott S8900) sub tratc supporting the chromium meta llisation or the 64 micro trip detection cells. each 2.5 
mm wide and consisting or 2 anodes and 2 cathodes. A depth or 30 mm ror the 'He detection gas at 15 bar pro­
vides a detection effic iency of about 90 % at 0.7 and 69 % at 0.35 A neutron wavelength . Electrically polari­
sed guard plates at the four side or the microstrip plate assure a uniform drill fi eld and thus an undistorted dif­
fractogramme. 

to be surrounded by neutron-absorbing 84C 
plates placed ring-like wi thin the evacuat cl 
collimation tube of each detector 141. A 
series of coll imation rings is the mo t effecti­
ve way to minimize the (partially neutron-clif­
ru sing) collimation surface area that is 

0.002 

0.0015 

I 
0.001 

0.0005 I 

-0.001 

-0.00 15 

visible to both the detector ancl to the 
sample or direct beam. thus reducing back­
ground counts to a minimum. To further 
recluce the background from direct-beam 
scattering at the lowes t angles. the first 
detector's collimation u es isotop ica lly enri-

stability_D4c >-+-< 
stability_D4b ! 0 --x-- • 

I 

-0.002 '-----'----'------'----.L.,_----'----.1...,_--...J 
0 10 20 30 40 50 60 70 

lime (hours) 

f'igure 3: Stability or the D4C prototype microstri1i detector (upper curve) as compared to that of a D4B multi­
wire detector (lower curve) when counting simul taneously on a vanadium sample (counts Integrated over all 64 
cells in both cases). Taking into account the counting sta tistics error bars. we estimate the stabi li ty or the D4C 
prototype detector to be 2- 1 o~ over nea rly 3 days. as compared lo I 0·' at best ror the D4B detector. The solid 
curves serve as guides lo the eye. 
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ched "'B4C (neutron absorption constant of 
160 cm·• for a wavelength of 0. 7 A) and 
includes a mobile beamstop or 10B4C just 
before the detector. A second mobile 1084C 
beamstop is placed further upstream in the 
sample bell jar. cutting off about half or the 
direct beam. This collimation+beamstops 
geometry prevents direct beam and parasitic 
peaks (e.g. from the aluminium bell jar win­
dow) from striking all 9 detectors for both 
scan po itions and for all three standard 
wavelengths u eel at D4 (0.7. 0.5 and 0.35 A) . 

The neutron shielding is effected by 100 mm 
or thermalising polyethylene. followed by I O mm 
or bora ted polymer. surrounding the 9-detec­
tor en emble. The add ition of Cd sheet would 
be uperfluous since tests 131 showed the 
rema ining very small background count rate 
to result principally from non-thermalised 
neutrons. 
The independent in trument control systems 
for D4C and D4 B facilitated a rapid instru­
ment changeover prior to the D4C commis­
sion ing tests (0. 7 A wavelength neutrons 
on ly) . F'urther te ts at 0.5 and 0.35 A will be 
made once the new hot source is insta lled. 
On-line software at D4C now provides for 
data normalisation and regrouping in to dif­
fracLOgrammes. the calibration of detecLOr 
ce ll efficiences. the monitor deadtime correc­
tion. and for most other aspects of data 
red uction and analys is. 

Thanks and acknowledgement to participants 
in the D4C project. including: 
Gilbert Viande. Steve Rowe. Jacques Lappe. 
Lo'ic Pa jou. Rolancl Gandell i. Jo Pellegrino. 
Othman Jeddi. Pierre Thomas. Jean-Louis 
Champon and Anthony Pascaud. Jacque 
Munnier. Jean-Jacques Vernier. Raymond 
Rouques. Bruno Guerard. Michel Gamon. 
F'ranck Ceci llon. John All ibon. Marie-Claude 
F'ilhol. 
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USANS: 
Ultra Small-Angle Neutron Scattering on S 18 

• M. B ARON, M. HAI NBUCH NER, R. LOI DL, 

H. RAUCH ( ATOMI NSTITUT, W IEN) 

Bonse-Hart small-angle scattering 
camera with channel-cut perfect 
crystals has been installed at S18 to 
extend the accessible Q-range by at 
least two orders of magnitude. This 
permits investigations of rather large 
structures as they exist in composed 
and micro-structured materials, in 
sedimentary rocks and macromole­
cular systems. A substantial improve­
ment of the peak/background ratio 
makes the new instrument applicable 
to many new topics. 

Configured as a double Sil icon crysw l diffrac­
tometer Lhc r:RG(C) insu·umr nt S 18 (neutron 
interferometer) can be operated as an ulu·a 
small-angle sca tte ring instrument,. In this 
mode of operation a momentum transfer range 
between 2.10 • - 5.1 O·" A' can l)e covered. In 
2000. users rrom riv • different coun tries have 
used this new methocl ror the structural inves­
tigation or minerals. composite, pla tic, and 
micro-structured materials and cement pastes 
under different sample conditions. 
Channel-cut perfect silicon cryswls in a Bonse-
1 lal'l arrangement [ I I are used as monochro­
mator and analyser crystals. A so-ca lled 
Agamalian-cut (an additional groove is cut into 
the long cr st1;1 l plate where a cadmium absor­
ber is inse rted [21) reduces parasitic renrc­
tion from the back-surfaces of Lhe cry ·121 
and provides a peak LO background ratio better 
than 10· J3J . The use or a perfect cry ta l a 
monochromaLOr provides a very small wave­
length pread leading LO a low in tensity of the 
renected neutron beam. Therefore the peak 
inten ·ity is about 6000n/s. which corre ponds 
directly LO the lumino ity or the ource becau­
se nearly perfect renecting components exist 
between the source and the detec tor. The 
scl1ematic layout or L11e instrument is shown in 
Fig. I. Test mea urc:ments sl1owed a smooth 
transition or the , ca ttcring paucrn mcasurrcl 
with SANS ancl Si\ S. Thus SANS extends 

Figurr t : Sketch or Lhc ultra small -angle neutron 
scallcring system inslalh'<I al the S 18 neutron 
intr rfrromelcr set-up. 

the mea urable 0-range by morr than two 
orders of magnitude and permit • together with 
the SA S technique the measurement of the 
scallcring pattern over Len decades in catte­
ring in tensities. lnhomogeneitir.s rrom 5 nm LO 
30 µm can now he investigated. Fig. 2 shows a 
typical combined SANS (D22) and USANS (S 18) 
scattering pattern of a seclimenta ry rock 
sample. The two scattering curves show a clear 
overlap in the region around I O' ' ancl the frac­
ta l scallering behaviour can be recognised 
obviously over 3 order of length scales 141. 

1012 

1010 

E 10• ~ 

~ ., 
108 C 

~ 
g> 104 

-c ., = 102 g 
10° 

The inset or p.96 show Lhe types of sample that 
have been t.udied so far. 

The measurements with the SiC/SiCr ceramic 
com posit e material will be descri bed in some 
more cletail. Tl1i s material is considered to 
become an alternative fi rst wa ll material for 
fu sion systems 151. The composite mate1•ial 
has better ducti le properties than pure SiC. 
but it gas permeabil ity is sli ll quc lioned. 
b cau e unavo idable pores cau se gas pene­
tration ancl gas emissions. The behaviour of 
t11 rse porr. under different condition -
thermal. radiation and gas atmospheres -
ca n be ·tucli cl by USANS. Fig. 3 shows the 
different USANS scauering patLern s ror two 
different SiC/SiCr samples thermally trra tecl 
at 1750 and 1900 "C. The signa l is related to 
the size of the pore . Ne\\' SiC/S iC materia l is 
uncic' r deve lopment. which should be cvrn 
more resistant against temperatu re. stre:: 
and radiation effects. 

The SA S technique probes the micro co­
pie stru ture of various materials and contri­
butes to the future material developments. 
The in tcnsitie • can be converted to an abso­
lute cli fferential cross sec tion . Thus. USAN S 
i an adequa te extension to SA S measure­
ments ancl should therefore become a sta n­
darcl method for material cience. 

-+- USANS S18 D=200µm 
--- SANSD22 D=200µm 
- Modelflt D,=2.68 1;=9.Sµm 

llig,u1~ ,2: Combi ned scattering 1iattcI·n or a Vosgian sanrl~tonr (:WO mm) measured al 1)22 (SA S) and s l fl 
(USA S) . The fractal scall r ring hehaviuur manircst~ It.se lf over mort' than threr 011tcrs or maonitude iu lcugth 
sC'a lr with an upper fracta l size limit of n.5 ftlll . b 
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ew experimental techniques 

• SiCISiCr 1 composite materials: co-ope­
ration with L. Gobert. SEP. Bordeaux. 
France and with Euratom 
• MHPC2 samples: co-operation with 
H. Vogel. University of Freiburg, Germany 
• Petroliferous sedimentary rocks: co­
operation with A.P. Radlinski , Geological 
Survey, Australia 
• MCM3 biological samples: co-operation 
with H. Amenitsch. Elettra Trieste. Italy 
• NbTi Superconductors and Portland 
cement pastes: co-operation with 
S. Mazumder. BARG-Bombay, India 
• Plastic samples with silica fillers: co­
operation with R. Triolo. University of 
Palermo. Italy 
• Artificially structured materials: co-ope­
raUon with Siemens. Munich. Germany 

' silicon carbide fibre material 

' methyl-hydroxy-propyl cellulose 

' mobil oil composite material 

-0- N:)-1 • NCllifwd 
-<>-- N3-I 1750"C eon.-i 

10' -f ► N3-1 t900-c 60min 

- N3--1ar8011¥1d 
-O-N4-1• 1'1C11h,ed 
~ N4--117SO"'C«lnw'I 
-,>-- N4-1180CrC80rNr'I 

F'igure 3: ANS catterlng pauern or thermally treated 3-1 (a) and 4-(b) SiC'JSiCr compounds compared to 
the untreated specimen. tructural changes caused by the heat treatment can clearly be obtained. This materia l 
Is considered as a new nrst wall material ror Fusion machine . 
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Inelastic spin-echo on IN20: 
first experiments 

• E. FARHI, J. KULDA, C.M .E. ZEYEN ( ILL) 

• B. FAK (1515 FACILITY, UK) 

We have employed the spin-echo 
option of the IN20 three-axis spectro­
meter to measure the line-width of the 
roton excitation in superfluid helium 
and to study the anharmonic beha­
viour of a zone-boundary 'transverse 
acoustic' phonon in germanium. 
As the present results demonstrate, 
information on line-width and 
frequency variation in the range of 
0.001 - 0.1 meV can be obtained for 
excitations with energies up to 10 meV. 

The acces to experimental inrormation on 
weak anharmonic effects in laLLice dynamics. 
such as thermal variation or phonon frequen­
cies and their natura l line-widths in crysta ls 
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far rrom phase transitions. is a long-standing 
problem. Whi le light scattering can provide 
such information on optica lly active phonons 
near the Brillouin zone center. the extraction 
of similar information rrom neutron spectro­
metry dat.a ror phonons at arb itrary position 
in the Brillouin zone is almost impossible. 
Analogous problems are encountered also in 
other fields like magneti sm or physics of 
quantum liquid . Much im provement to this 
situation is expected rrom the combination or 
therma l beam th r e-axis spectrometers (TAS) 
with the neutron spin-echo (NSE) technique 
to acces the momentum and energy transfer 
ranges or everal A ' and several tenths of 
meV and to achieve an energy resolution of 
the order or 10° - 10' µeV at the ame time. 

The TASSE option or the I 20 polari sed ther­
mal beam three-axis spectrometer is one or 
the prototype or such a set-up [ 1 ]. It com­
prises two 1.6 m long superconducting pre-

ces ion coils (Fig. 1) inserted between the 
monochromator. sample and analyser tables. 
respectively. Their optimised field shape 
(OFS) guarantees a negligible cross-talk bet­
ween the incident and sca ttered beam pre­
ce ion fields up to their maximum value or 
1.4 T. 1\vo pairs or spiral Fresnel coils are 
u ed to maintain a homogeneous field inLe-

F'igure 1: The th ree-axis spin-echo (TA SE) preces­
lon coll mounted on IN20. 



gral va lue or up to 1 Tm across the whole 
beam cross-section. The maximum Pourier 
time or 3.2 ns for neutrons with k = 2.661 'A-1 

provides For a qua i-e lastic re olution about 
10 neV as veriFied in the quas ielas ti c 
scattering experiments on a KDCO3 crystal [1 ]. 

F'or the First inelas tic sca ttering tests. we 
have chosen the roton line-wid th in super­
Fl uid helium. which has been studied extensi­
ve ly by neutron spin-echo [2] and back-sca t­
ter ing [31 experiments. The IN20 TAS instru­
ment with kr = 2.662 'A- 1 has been set up for 
the momentum (0 = 1.925 A- 1) and energy 
(t:, E= 0.74 3 meV) transrers corresponding LO 
the roton minimum in the elementary excita­
tion dispersion curve. The ampli tude and 
phase or the NSE signal have then been mea-
ured as a fun ction of the Pourier time For 

several temperatu res [41. Pig. 2 displays the 
results concerning the line-width being in 
excellent agreement with the previous work [31 . 
That Fin ite width observed for the roton at 
T = 0.5 K is of instrumenta l origin and goes 
back to the condition to obtain an inelas tic 
echo signal, wl1ich is not given by equa l spin 
precess ion phases in the two coils. but rather 
by a phase difference stationary with respec t 
to the energy transfer [5]. In the linear 
approximation the latter condition leads to 

3 3 

<fl M ( v, \ ( k, \ 

<fl A =lv, } =lk, ) 
where <Pi are the field integrals in the first 
(M) and econd (A) precess ion coil and Vi and 
i,y are the incident and scattered neutron 
velocities. respectively. In the case of helium 
rotons th is cond ition is sti ll fulfi lled in a large 
range or Pourier times. but For energy trans­
rers comparable to the neutron energy the 
non-linearity of the cond ition leads to a fa st 
damping of the echo signal. 
The importance if this effec t is demonstrated 
on the case of a 9.8 meV phonon in germa­
nium (cF. Pig. I inset) investiga ted with 
14 meV neutrons [6] . These phonons. lying 
on the flat part of the ·transverse acoustic' 
branch along the [!;001 direction (!; = 0.8) . 
are interesting because of their nega tive 
Grunei en constant. responsible For the 
nega tive thermal expansion coefficient in Si. 
Ge and most of the 111-V type superconduc­
tors. Although their dispersion relation is 
almost Flat. providing optimum resolu tion 
conditions for the SE , the observed line­
widths at 13 K and at 298 K are 
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Figure 2: Decrease of the NSE contrast as a function of Fourier time ror elastic scattering and for inelastic roton 
signal in supernuid 'Me (a) and the resulting ro ton linewldth (b) compared to the previous INIO results 131 and 
to the theoretica l predictions. 

157 ( 15) µeV and 266 (5) µeV. re pectively. 
In absence or a more involved analysis we 
may assume that the low-temperature intrin-
ic line-width i negligible and that the 

observed value is entirely due to the non­
linear terms beyond the condition (1 ). The 
room-temperatu re intrinsic phonon line­
width would then amount to the difference 
11 0 (20) µeV or the two observed va lues. 

Pig. 3 displays the temperature dependence 
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ted by the popu lar quasiharmonic model. The 
fit or our low-temperature data in Pig. 3 
results in the same parameter values as the 
fit of the high-temperature (300 -1 000 K) 

data in Rer. (71 and proves that. even at low 
tempera tu res. the quasiharmonic model is 
not applicable. 
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Figure 3: Temperature variation of the germanium 10.8 0 01 TA phonon frequency (cf. red point oa the 11001 
phonon dispersion in the inset) . the curve is a fit to Barron's model. 

of the echo phase shift. obtained in the same 
experiment at a Fixed Pourier time of 0.015 
nsec and providing information on the tem­
peratu re variation of the phonon frequency. 
The observed data can be described by an 
anharmonic model of Barron , used already in 
Rer. [7 ]. According LO this approach the pho­
non Frequency renormalises with the tota l 
vibrational energy of the crysta l rather than 
with the crystal volume expansion as predic-
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ew experimental techniques 

Spin-dependent neutron scattering length of 3He: 
a precise determination on IN15 

• 
• 
• 

0 . Z IMMER, W. KETTER 
( UNIVERSITY OF MAINZ ) 

G. EHLERS, 8 . FARAG O, H. HUMBLOT 
( ILL) 

R. SCHERM ( PT B BRAUNSC HWEI G) 

We have applied a new method to 
measure the poorly known spin­
dependent neutron scattering length 
of 3He. The obtained result is of impor­
tance for the interpretation of the 
quantum liquid 3He, and for the few 
body theory in nuclear physics. The 
method relies only on relative measu­
rements of neutron intensities without 
any absolute calibration. It employs 
polarised gaseous 3He and the uncon­
ventional use of neutron spin echo 
spectrometry. 

Compilations of neuLron scattering lengths 
for the different isotopes arc very useful for 
anyone who employs neutron sca ttering to 
study strncture and dynamics or condensed 
mauer. So far. cientists who study excita­
tions in liquid 'I le had Lo live with the disap­
pointing fact that the spin-depe ndent 
sca ttering length of ' I le was on ly known with 

Precession coil 1 

poor precision. Its rea l part. Re(bN). in the 
past, could not be determined Lo beuer than 
25% (bN denotes the differen ce of the trip let 
and the singlet scaLLering length). An impro­
ved knowledge or th is value would be or great 
help for the interpretation of existing inelas­
tic neutron sca uering data . in order Lo revea l 
to which ex tent observed exc itations in the 
quantum liquid originate from spin or densi ty 
flu ("luation . A seconcl motiva tion to measure 
Lhis qu antity is to tr t nuclea r 
th eory. In fac t. the nuclear four-body problem 
can be described with a relatively simple 
model. whose predic tions can be tes ted 
through expe rimenta l re ults. 

'I le is a strongly sp in-dcprnclent neutron 
absorber with a huge ca ptu1'e cross section 
for slow neutrons. J\L first glance a precise 
measurement or Re( b·v) Urns seems ambi ­
tiou s. However. through the new method des­
cribed below. the we ll known cross sec tion for 
neutron capture of 'I le turns out to be the 
only required information needed to 
determine Re(bv). 

Our meth od employs two types of neutron 
transmission experiments. The rirst one is a 
measurement of the ··pscudomagnetic fi eld .. 
which can be attributed Lo any spin polarised 

Precession coil 2 

sa mple as a consequence or the spin-depen­
dent strong neutron-nucleu forward scalle­
ri ng. Its observable effect is a precession or 
the neutron spin around the axis or nuclear 
po lar isa tion on propagation through thr 
sa mple [ I J. 

The pseudomagnelic precession angle jpm is 
rclatecl to Re(bN) via 

I 
cp,,,., = --:/•P d.Re(bN ) 

where 11. is the nr utron wavelength. P the 
nuclear polarisation. N th r number density or 
the polari secl 'I I nuclei. ancl d is the 
thickness or the sample. 

A scconcl type or experiment serves LO deter­
mine the proportionality fac tor between cp11m 
and Re(bN). Here the trick is LO obtain th(' 
whole produc t, 11.PNd from re lative measure­
ments. rather than from absolute mcasu1'c­
mcnts or its four incliviclual factors. 

Using non-polari sed neutrons. we can 
measure the tran sm ission of the po lari sed 
sa mple. T(P). and or the non-polari sccl 
sample. T(O). Their ratio is given by 

/? = T(P) = cosh[Kc. APNd ] 
T(O ) 

Kc11. = oc is the cross section for neutron 
capture by 'I le. lie = 2.963(5) fm is constant 

Sa° flipper -------------, 18a° flipper 90° flipper 

---B, Reference beam - --Bi 

Polariser 

i=======:t <===1 I====~ 
Sample beam \ ... , -------'..-,-----, 

\ 
Analyser 

polarised J He sample 

Pigure 1: Beam configuration and ample position with in the spin echo s1Jcrtromell'r IN 15. The clotted lines indica te the two iron shims used Lo clcpolarisc the beam for the 
measurement or R. In all measurements we re lated the neu1ron Intensity th rough the sample to a "rr rcrence hcam" passing by Lhe sample. Common drills in both beams 
thus arc strongly suppressed (this two-beam technique was also employed in a IH'ior measurement of the scattering length densities of Silk quartz and graphite). 
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Figure 2: pin !'rho signa ls 11 ith the sam1il<' polaris!'d. rrspecli1r l). non-polarised. t.B1 indica tes the s11 cq i of 
the nwgnelic lield in the lirst Pl'<'l'('SSion coi l (see Fig. I I 11hich results in the intensity osci llations. The pseuclo­
magnrt ir 1ihasc shill . ea us1•(1 hy thr nul'lea r 1ioiarisa tion or lhe ' l ie. is visible in com1iaring the u1111er and thr 
lower figure. 

IJC'cause for slow neutrons o c is proportiona l 
to 11.. Obviously. it is LIH' on ly abso lute va lue 
one has to know. 11 s relative uncertainty of 
on ly 0. 17 % limits the precision with which 
one can dctrrminr Rr(/Jv) using the two 
equations. or course. we fell r l1al lcngccl Lo 
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sa mple. wh ich complete ly depo lari sccl the 
neutrons. Fig. 2 shows the fir t signals mea­
sured with polarised neutrons (sh ims taken 
ou t). Accordi ng Lo the spin echo principle [2[. 
the lowest intensity minimum intrnsity mini­
mum corresponds to equal numbers of neu-

I f 
V 1st sample 

• 2nd sample 
0 3rd sample 
... 4th sample 

2.0 2.5 

Sample opacity 

f'igure 3: Preliminary values for Re(bN). The abscissa is the so-called sample O1iacity. defined as ocPNd. The 
nuclear llOlarisalion can easily be red uced in steps. ap1Jlying a depolarising magnetic lield gradient for a hort 
moment. Thu we could obtain several va lues with a single sample. The independence or the va lues or Re(bN). 
measured under various conditions. demonstrates the re liability or our method. 

approach this lim it in rea l measurements. 
Fig. 1 how the experimental se t-up. Th 
measurements of Rwere performed with thin 
iron shims insertecl before ancl behind the 

tron spin precessions in the fi r·st and the 
second coil. The po la1•isa tion of t1I e sample 
acids the p eudomagnetic fielcl to 82. We ca n 
ex tract cpµm as a phase shift. comparing the 

signals ob tainecl with and without nuclear 
polarisation respectively. In the example 
shown. cpµm is abou t 50 degree. The mea u­
ring Lime for each pair of signals was 20 min. 
This shoulcl be comparecl lo the drift of the 
phase cl ifferenee between the two beams 
(Jes than 0.05 degree during 12 hour ). and 
to the spin relaxation time of the ' I-le samples 
( 120 hours). Note that the spin-clepenclent 
neutron abso1·ption on ly 1·educes the amplitu­
de of the •pin echo signals but doe not affect cpµm. 

Pig. 3 show p1·eliminary results for Re(bN). 
measurecl with fou1· ' I-le samples or clifferent 
gas pressure ancl at two cl ifferent neutron 
wave lengths. lco r the final result. which wi ll 
be publi shecl by the time of appearance or 
this report. we expect a precision or better 
than 0.3 %. 

\Ve note tha t pseuclomagnetic prece ion in 
the past has been employed to determ ine 
Re(IJ,v) of many iso topes [3[. In our pre ent 
study we have used for the fi rs t time a sp in 
echo pectrometer for thi s purpo e. The 
comb ination with non-polarised neutron 
transmission resu lts in a va lue or Re(bv) on 
an excellent level of precision. The qua lity of 
the clata obta ined is due to L11e stability of I 15. 
the qual ity or the polarised 'He ce lls of the 
ILL. and a methocl which avoids any absolute 
ca librations. 
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,w experimental techniques 

Spin precession optics 
on the IN15 spin-echo spectrometer 

• A. FRANK, A.V. KOZLOV, 

I.V. BONDAREN KO ( FLNP, OUBNA ) 

• G. EHLERS, P. H(ISGH(/SJ ( ILL) 

The Larmor precession of neutron 
spins has been used as a clock to mea­
sure the delay in neutron time-of-flight 
caused by different neutron transit 
velocities in vacuum and in matter, res­
pectively. The bound coherent scatte­
ring length density has been measured 
for a number of materials with an accu­
racy of a few percents. The absolute 
accuracy of the measurement of the 
neutron's delay time in matter achieved 
(3 - 5) x 10-'0 s, which will make it pos­
sible in the future to perfonn many new 
experiments on the interaction time of 
the neutron with different quantum 
objects. It was found that the diama­
gnetic properties of the samples, espe­
cially pyrolytic graphite, affect the 
results remarkably. 

Neutron spin-echo spectrometry is based on 
the comparison or neutron velocities before 
and after sca ttering by Lhe ample under inve -
Ligation . On its way LO Lhe sample. the neutron 
passes through a precession coil that provides 
a permanent magnetic field which i orthogo­
nal LO Lhe spin direction. Another id nLical coil 
is loca ted behind Lhe sample. The change or Lhe 
neutron velocity due LO inelastic sca ttering in 
lhe sample resul ts in a di fferent time-of-nighL 
through the second precession coil and hence 
cause a difference of the total prece ion 
pha es. In fact. the Larmor preces ion or the 
neutron spin is used as a clock to measure the 
neutron velocity. If the neutron-sample inter­
action i purely coherent and elastic. a in all 
kinds or neutron optical phenomena . only the 
direction or the neutron's h-vector changes buL 
not its absolute value. It might appear Lherero­
I'e LhaL in this case there is nothing LO measu­
re by spin-echo. But th is is not exactly correct. 
The point is that Lhe neutron spends some time 
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Pigure I : Scheme or the cxpcrimrnt. I- veloc ity selector. 2- polariser, 3- rr/2 nipper. -I - precession ro ils. 5- 11 fli 1i­
per. 6- analyse r. 7- position sensitive detector. 8- multi-layer monorhrnmator. 9- position or the diaphragm with 
the sample holder (shown in the lower part ). 

during the interaction it elf. i. e. the total time­
of-night also changes clue LO th is interaction. 
Th is delay Lime can be measured by Lhe Larmor 
clock in slightly modified experimental condi­
tions. by placing the sample inside the preces­
sion path. Then the neutron will precess during 
the interaction at the Larmor frequency 

w l = '2µB and a delay time !1 t wi ll introduce an 
aclditidi\al prece sion phase "1. <p - J.1 • w L which 
can be mea urecl in Lhe experiment. Here µ is 
the neutron magnetic moment and B is Lhe 
magnetic induction. 
In terms of stationary quantum mechanics the 
state of a prece ing neutron is interpreted as 
the interference of two coherent waves with 
different spin projection onto the magnetic field 
vector. Since in a magnetic field the two spinor 
components 1V,tve different wave vector 
k, - k0( 1 + µB) 2

. with ho the neutron wave 
vector in Lhlab cnce of a field and E its kinetic 
energy. a neutron-sample interaction will resul t 
in different pha se va riations for both waves. 
This gives an extra precession angle !1cp which 
can be measured in the experiment. 

Ll <p Ll<p Ll q> 
F'o1' !1t we can write ,11 = - = h ' µB = t, • L;· . 

W L - ,_, , 

where !1E = 2µB is the Zeeman energy split-
ting. This may be compared to Lhe Bohm­
Wigner formula Llr - n u<p . obtained from wave 

pE 
packet argumenLs 11.:n This is the approach 
used for theoretical investigations of neutron 
optical phenomena in the presence or a magne­
tic field. The effect or multiple frequency neu­
tron spin preccs ion in Bragg diffrac tion [31 
and an add itional spin precession angle in neu­
tron wave refraction were theoretically preclic­
tecl long ago [4,5]. 
Experimental activity in neutron spin preces­
sion optic started ome years ago [6]. In 1999 
we clemonstrated that the unique characteris­
tics or the IN 15 spin-echo spectrometer can 
contribu te LO this kind or experiment I 7]. I lerc 
we report on some recent results obtainecl 
cluring a second experiment [8]. 
F'or a neutron passing through a sample with 
refractive index n Lhe additional precession 

(1 - 11 )d 
phase may be expressed as <1> - w L - - . 

V 
where cl is is Lile sa mple thickness and v is Lile 
neutron velocity. This leads LO <!> ex X, because 
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f-' igure 2: Phase differences bet wr en lhl' lwo hl'ams caused hy refraction. C I and C:2 rr fc r to carbon (graphi te) 
with lhc beam parallel and perpendicular to 1hr c axis. rcsprcti vc ly. 

n - I = 2rtp1J / k' where PI! is the col1crent sca t­
tering length density. The bas ic experimental 
idea was t.o directly compare the precession 
phase· of two para llel beams. one passing 
through the sample ( ee Pig. 1 ). while the 
other doe not interact with the sample. The 
sample was insta lled in the second precession 
coil. A multi-layer monochromaLOr wa used 
giving t:;J../A. = 5%. The sample holder wa de i­
gned such that the sample could be moved 
periodically and remotely between the two 
beams. The experimental procedure thus eli­
minatecl slow global phase drifts in the spec­
trometer. The measured phase differences bet­
ween the two beams are presented in Pig. 2 for 
a number or materials in a field or B= 1300G. 
A surprising resu lt was obtained for pyrolytic 
graphite. Por this material the va lue and the 
sign of the phase shift depend on the orienta­
tion or the crystal (see Pig. 2). Furthermore, as 
we show below. if Lhe neutron beam is parallel 
LO the c axis. the phase shift does not follow the 
predicted <I> rx A' law. We explain this effect by 
the large and anisotropic diamagnetic suscep­
tibility of pyrolytic graphite. which has been 
documented in the li tera ture 191. The magnetic 
induction B and. consequently. the Larmor 
frequency inside the graphite is significantly 
smaller than outside. This gives a nega tive 
contribution <l>dia to the phase difference wh ich 
is proportiona l LO the time the neutron spends 
in the sample and therefore proportional LO 
wavelength: <l>dia rx A. We tested this hypothe­
sis by measuring the phase shift at different 

wavelengths. and the result for graphite is 
given in Fig. 3. The solicl line represents the 
best Fil to a mocl ifiecl law <)) = AA + & '. 
The fit parameters are A=(-20l±l)xl0 ' 
deg.mm '. A ' and 13=(396±5)x I o•·clcg. mm '. 'A-1. 

The diamagnetic susceptibility x .= defined as. 
x = B;lll l Brx1 that corresponds to this va lue or A. 
is x = (-0.574±0.003) x 10 '. To check that 
this giant va lue i correct. the su ceptibility x 
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Figure 3: Dependence or the specific phase shill 
from the wavelenglh for pyrolytic graphi te. The fit 
is discussed in the text. 

was measured in a magnetometer at 
LaboraLOire Louis eel. Grenoble. using a 
small sample that was cut from the one used in 
the neutron experiment. Tl1is resu lted in 
x = (-0.574±0 003) x 10·" fon he susceptibility 
measurecl with the externa l field parallel to the 
c axis. and a huge anisotropy: X.L = Xu 123 

(field perpend icular to c). thus giving a reaso­
nable agreement with the IN 15 experiment. 
Tile bound coherent sca LLering length or gra­
phite can be ext1·ac tecl from the parameter: 

8: pb = 7. 2x10'' A-' . which has to be comparecl 
to the table \'a lue pb = 7.5x10'· A-' . Ac tually. 
even for silicon and beryllium (much smaller 
susceptibility) a term linear in wavelength can 
be observed . 
The future perspectives or l"a rmor· clock appli­
ca tion should be di cu sed from (a t least) two 
points or view. As noted above. the aclclitional 
phase in refraction is proportional LO ( 1-n)cl. 
which is actually the cliffrrcnce between the 
geometrical and optical paths. This could 11r 
used for the development or a phase contrast 
imaging technique in neutron optics 1101. Due to 
the ),,.3 clependence or the phase hifl it is prefe­
rable to use very slow neutrons. Note that wr 
were able to measure the very sma ll phase shift 
introcluced lJy a 4 mm th ick quartz sample using 
17 A neutrons: cp = 3.07±0.44clcg . A general 
conclusion from our experiment is that such an 
imaging technique can be qui te ·ensilive to 

magnetic properties or the sam pies. clepencling 
on the wavelength used. 
Another aspect is the un ique possibili ty LO mca-
ure the inLeraclion time with a quantum objecl. 

The absolu te accuracy or the measurement or 
the interaction time in the present experiment 
was about 3-5x I 0·"'s. ancl was not limited by 
counting statistic . In our opinion a precision or 
1 I Q·HI may be reached soon becau ·e or the high 
phase stability or I 15. We plan in the future to 

perform a number or experiments to measure 
tunneling through two- ancl multi-barrier struc­
tures. and the Lime ll1e neutron spencls in the 
process or total reneclion. 
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Magic mirrors demonslration on IN 10. during Lhe Open Days 
in May 2000. 

Ros Stewart (left) and Andrew Wildes (righl) singing goodbye to 
Herma Biitlner on the day or her leaving pot in January 2000. 
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Remembering the good old days: Diana Dijoux with John \\ hitc. 
the British ILL director rrom I 975 to I 980. 

From the left.: Pierre Convert. Michel Mollier and Olivier lsnard 
enjoying the brea k during the Journee 04 . in September 2000. 



Workshops 

Workshops in which ILL was a major player in the year 2000: 

Dynamics in Confinement 

Monte Carto Simulation of 
Neutron Spectrometers (SINS) 

European Neutron Polarisation 
Initiative (ENPI) 

Neutron characterisation 
of Industrial Materials 

Joumee D4 

Workshop on Correlated 
Fermions 

Ultracold Neutron Anomalies 

organised by Bernhard Ji'r ick (ILL). 
Reiner Zorn (JUlich) anel 
I lcrma BUuner (ILL) 

organi eel by Ian Anderson. 
Ron Ghosh an I l•:mmanuel F'arhi (ILL) 

organi eel by F'rancis Ta , cl 
and Trevor F'orsylh (ILL) 

organi eel by Peler Lindner 
ancl Alben WrighL (ILL) 

organ i eel b Pierre Palleau 
and Gabri I Cuello (ILL) 

organi eel by ChrisLian Vellier (ILL) 
and Yves PeLroff (ESRli') 

organised by PeLer GelLenbort. 
Jame BuLLerworLl1 and 
Thoma Brenner (ILL) 

ILL 26-29 January 

ILL 31 January 

ILL 24-25 Ji'ebruary 

ILL 29 June 

ILL 15 SepLembcr 

ILL 30-31 October 

ILL 25 November 
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International Workshop on 
'Dynamics in Confinement' 

More than one hundred participants. at lea t 
half or Lhem not being neutron catterers. 
attended the 4-day in ternational work hop on 
Dynamics in Confinement on 26 January 2000. 

very different methods and different types or 
sample . Furthermore. it provided a complete 
review or the experimenta l and theoretica l 

iLUation. The organisers or the work hop have 
encouraged some participant to con ider 
inela tic neutron scattering method as an 
appropriate inve Ligation tool. 

Reiner Zorn. Herma Biillner and Marline Espilalllcr at the poster ession of the workshop 'Dynamics in 
Confinement'. 

The meeting - held in the Chadwick amphi­
theatre or the ILL - focussed on the changes or 
dynamics due to confinement in relation to bulk 
properties, especially in supercooled liquids 
and glas transitions. The scope or the work­
shop has been broadened by adding classical 
topics such as small molecule dynamic in 
confinement. ad orbates and fringe topics 
where the importance of confinement i less 
obviou . The work hop was structured into 
7 sessions: "Theory and simulation". "Liquid 
and Glasses in Confinement" . "AdsorbaLe . 
Atoms & Molecules in Confinement". 
"Quantum Liquids in Confinement", "Water in 
Confinement". "Biological. Colloidal and 
Polymeric Confined Systems" and 
"Confinement in Thin Films". Besides the 13 
invi ted peakers a further 26 speakers from 
different countrie presented results from 
experiments. simulation and theory. There 
were also two poster sessions. where an addi­
tional 42 contributions were presented. 

Monte Carlo Slmulation of 
Neutron Spectrometers 
(SINS) 

The SINS workshop reviewing MonLe Carlo 
(MC) methods under development in Eu rope 
was held at the ILL on 31 January 2000. The 
aim was to bring together groups developing 
different simulation packages. potential u ers 
ancl component developers. About thirty- five 
scienti ts from the ILL-ESRF joint site atten­
dee! the meeting. Recent advances have shown 
that the accurate simulation of neutron instru­
ments enables the optimisation of the instru­
ment configuration: accurate determination or 
good re olution functions is vital For data ana­
lysis. Furthermore. it is vital in studies for ins­
trument improvements or new designs. 
The meeting was opened by a general intro­
duction and an overview or the important 
point to b considered in a MC neutron ray­
tracing progra mme . The rest or the meeting 
was then devoLed to talks describing the cliffe­
rent packages ava ilable: 
- the VlTESS programme (HMI. Berli n). in itia l­
ly clesigned to simulate pallation source in-
trumen t is now available for va rious opera­

ting systems. The presenta tion included the 
demonstration or an attractive Graphica l U er 

The sessions were well attended and lively dis­
cussions took place. The meeting brought toge­
ther many scientists working in this field using Jan Saroun and Thomas Hansen debating the merit of Resl)•ax at the SINS practica l demonstration scs ion . 
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Interface for both simulation clcsign ancl u age: 
- the Mestas package (Ris0) has a source cocl e. 
including instrument clesign ancl visualisa tion 
tools. now ava ilable For most platfo rm s. As an 
example or applica tion. a ingle crystal diffrac­
tion pattern simulation was highlighted: 
- the ResTrax (NP! ancl ILL) programme. opLi­
misecl for simulating triple-axis pecLrome­
ters . has recently also provecl very useful ror 
simpler two-axis problems. However. aL pre­
sent ResTrax only rnns on a limited number of 
systems: 
- lastly. the possibil ity Lo aclapt the Shaclow 
X-ray tracing imu lation program (ESRP) LO 
neutrons was presented. This rvolution seems 
quite promising. buL stil l requires subsLa ntial 
effort. 
The meeting concluclecl with most of the parti­
cipants having an opportun ity to cl eba te the 
va rious merits or each programme with the 
authors cluring a practica l clemonstraLion ses­
sion. Despi te Lhe limited Lime ava ilable Lh 
workshop provecl rea lly useful. PurLher infor­
mation on the workshop as well as ome biblio­
graphic references can be round at the follo­
wing aclclre s: 
http//wwwill.fr/Laslmcstas/workshopO I 00.html. 

European Neutron 
Polarisation Initiative 
(ENPI) 

The first E PI meeting was helcl at Lhe ILL on 
24 ancl 25 Pebruary 2000. ENPI is a network or 
eight laboratories co-orclinatecl by Lhe ILL. It is 
runclecl over three years to the tune of 0.9 M € 
by the European Commission F'P5 programme. 
The primary objectives or E PI are: 

• LO improve ancl make wiclely ava ilable tools 
for neutron polar isa tion: 
• to equip instruments at European facil ities 
with such tools: 
• to train young scientists ancl techn icians in 
using them. 

The ENPI network has stemmed from the highly 
successful XENNI programme for neutron insu·u­
mentaLion ancl is one of several EU neutron catte­
ring initiatives in F'P5. These include lhe PECNO. 
TECHNI. SCANS. Vesuvio ancl Cool Neutrons 
programmes ancl Lhe Neutron Rouncl 1able. 

Thomas Briickel (Jti llch] and Roger Eccleston (ISIS) in a friendly discussion during ENPI meeting. 

The meeting started with Lhe scientific session. 
openecl by an inlrocluclion to the network ancl 
which wa • then devoted to ta lks From each of 
Lhe partner laboratorie on their current role 
ancl future pro jects within the network. The 
clay was rounded off wilh a very pleasant work­
ing clinner at the Cha teau cle Sas enage. The 
second day was clevotecl to the more manage­
rial aspects or Lhe network. The organisa tion of 
the project was discussed ancl the programme 
until Lhe next meeting in June aL PNCMl'2000 
was cl ecidecl. The co-ordinators were then 
given guidecl tours of Lhe eutron Optics 
Labora lorie before Lhe meeting enclecl . For 
further information refer Lo the E 1PI web-site 
htlp//enpi .vitamib.com. 

Neutron characterisation 
of Industrial Materials 

A one-day workshop on the Cl1aracterisa tion or 
Industrial Materials using Neutrons was held aL 
the ILL on 29 June. One goa l of this work hop 
was to b1•ing together research cienti ts from 
publicly-funded applied researcl1 laboratories 
ancl those from priva te industrial laboratories. 
Participant were shown how neutron tech­
niques are currently l)eing used in pre-compe­
titive applied resea rch and confidential pro­
prieto1y research. The other purpose or this 

meeting was to provide a Forum ror all those 
concernecl to meet ancl to di cuss how joint pro­
jects using the e advanced resources could be 
launched. The industr ial and public sector 
were equally represented both in terms or spea­
kers ancl participants. 
The first morning session wa elevated LO a brief 
introduction of the ILL facilities ancl LO the pre­
sentation or experimental techn iques relevant 
to industrial re earch. such as mall-angle neu­
tron sca ttering. neutron diffraction ancl neutron 
renectomeLJy. The second morning and the 
afternoon sessions tumecl to contribu tion From 
ILL users on specific research applied to rea l 
industrial materials. Speakers outlined the u e­
fu lness of the small-angle neutron cauering 
technique in such fields as surfactant science 
for the development or detergents. Lhe study of 
polymer blends. rue! additives and latex disper­
sions. the stucly or fil tration processes and roocl 
science. PurLher contributions uncl rlined the 
use of neutron diffraction in L11r characterisa­
tion of natural and industrial fibre . in the 
ob erva tion of hydrogen bonding in wa ter-sen­
sitive fibres such as cellulose. and in th appli­
ca tion or neutron diffraction for studying active 
porous material such as zcolites and ca talys ts. 
F' inally. the neutron strain ·canning techn ique 
was presented as an idea l method ror Lhe 
control or linear friction welding techniques 
now being deve loped 
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or the detection stabil ity by a factor or 5. to 
become 2x 1 O ' over several days. The project 
was completed within budget. in timr and to 
specifica tion. 

A half-day workshop. the "Journee D4 ". wa, 
held on 15 September to celebrate this suc­
cess. This inauguration brought together the 
previou D4 instrument responsible . a well 
as a number of "regular" D4 u ers. The work­
shop was divided into two essions. the fir: t 
being opened by Pierre Ch ieux. who presented 
the hi tory of l11e D4 diffractometer. followed 
by Pierre Palleau and Dominique Pellin. who 
described the technical and in trumental 
aspects of the diffractometer up-grading (neu­
tron shielding. detector collimation. microstrip 
detector design and operation). The second 
session was devoted LO the presentation or tile 
resul ts from the D4 tests (I lenry l<'ischer. 
LURE) and the resul ts of the first schedu led 
experiments (F'ran~oise Lcclercq. Lillc. and 
Adrian Barnes. Bristol). A I.Jig hurrah to Lile 
D4-team1 

l-1obcrto Coppola (Prascali) and Albert Wright discussing the use of neutrons in materials for the futu,-e: 1ilaslic! 

for Lile production or ll1e next generation or tur­
bine blades for air engines. The examples from 
applied research presented during the meeting 
are indica tive or the l)('oad range of applica­
lions for which neutrons are now used LO cha­
racteri se industrial materials. The workshop 
provided a forum for all those concerned to 
meet and discuss how to set up joint pro ject 
using the unique facilities available at ILL. 

Journee 04 

We are happy to announce to the whole neu­
tron community. but especially to those wor­
king with liquids and amorphous systems. that 
the upgrade of the D4 diffractometer was 
achieved with success and within the planned 
time scale. and that tile instrument is now 
available and awa iting beamtime proposals. 
The resul ts or the commissioning tests and or 
the first scheduled experiments showed that 
all the objectives of the project have been rea­
ched and. notably. the increase or the overall 
counting rate by a factor of 5 and the increase 
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Anton Oed explaining to Patrick Van Esch the ava lanche mechanism in a microstrip detector. 



Workshop on Correlated 
Fermions 

Philippe Nozieres has been leading the Theory 
Group at Lhe ILL For 28 years. He has stepped 
clown From his position while remaining a visi­
ting scientist at the ILL. Phil ippe's pivotal role 

Led or invited presentations related Lo Lhc cen­
tral theme. A wide range or topics was covered 
and a sign ificant amoun t of Lime was lert. open 
For discussions ancl exchanges. F'urther inFor­
mation concerning Lhe programme and Lhe 
participants can be round at: 
hLLpJ/www.ill.Fr/EvenLs/nozieres.hLm l. 

Philippe 'ozieres during the Workshop on Correlated Fermions. organised by the ILL and ESRF lo mark his rclircmenL 

in the Field or condensed matter physics and 
his personality have attracted many theoreti­
cians and have contributed considerably Lo the 
development of theoretica l physics. The ILL 
and the ESRF' organi sed a lively and friendly 
meeting on 30 and 31 October. which focused 
on one or Philippe's Favourite subjects of inter­
est: Correlated F'ermions. The meeting consis-

Philippe Nozieres is still present at the ILL. 
sharing his free Lim e between CNRS LEPES 
Laboratory (Labora toire d'etudes cle proprie­
tes electroniques des solides) and the ILL 
Theory Group. The ILL is very grateful Lo 

PhiliI pe Nozieres for the activity he has deve­
loped Lo make the Theory Group so auractive 
ancl visible. 

Ultracold Neutron 
Anomalies 
Where Do We Stand? 

A .. mini-workshop'" was organised Lo review 
the latest resul ts on ultra-cold neutron storage 
and spectroscopy. This work was initiated aL 
ILL severa l years ago Lo shed more light on 
recurrent reports indicating that the liFetimes 
measured For ultra-co ld neutron (UC ) stored 
in traps with material walls are always shorter 
than expected. presumably due Lo enhanced 
wa ll refl ection losses. Long storage liFctimes 
are especially needed for precise mcasure­
mems of the neutron lifetime for beta-decay. 
About 25 participants vividly cliscussecl the 
contribu tions which dea lt with: 
• depolarisation and UCN spectroscopy: neu­
tron-gamma clat.a. storage lifetimes and spec­
troscopy: 
• analysis of quas i-elastic processes: 
• Iheory of wa ll losses: scrutiny or Lhe neutron 
optica l model: 
• refl ectivity of VCN - very co ld neutrons and 
spectroscopy : 
• UCN efflux from the trap 
IL became clear that no commonly accep t.eel 
explanation of the --anoma lies .. has been rea­
cl1cd so far. Among other proposa ls. a new type 
of ··Iow-Lemperature Fomblin .. ma terial (per­
r!uorinatecl poly-Formaldehydes with low mel­
ting tempera tures) shou ld be studiecl as a pos­
sible low-loss wa ll coa ting. and the role of 
quasi-elastic processes and of surface cleanli­
ness should be Further investigated - although 
ultra-high-purity surface conditions are diffi­
cult Lo achieve in the large and complex UCN 
traps needed in UCN storage experiments. A 
cleta ilecl report or the meeting can be obta ined 
from Peter Geltenbort (geltenbort@ill.Fr). 
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Roger J. Stewart (right) . Reading University. and Jessica Cheung 
prepare their experiment on D22. 

Winfried Petry (T.U. Miinchen) . happy user on the up-graded IN13. 
From the left. Claude Pfister. Frederic Marchal. Alessandro 
Paciaroni. Winfried Petry and Jerome Locatelli. 

Experimental 
programme 

Jonathan Goff (right) . Liverpool. back on D10 again with bis student 
Simon Lee (left) . 

The up-graded D4 welcomes its first users: from the left, Fabrice 
Cavillon. Pierre Damay and Fran~oise Leclercq, Lille. 
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Beam-time allocation 

Instrument performance 

Industrial use of neutrons 

User forum 

User satisfaction 
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DIA (50%) 

028 

03* 

04 (50% with IN I)* 

07 

09'4' 

010 
0 11 

016 

017 

019 

020 
D22 

IN I (50% with 04)* 

IN3 

IN4 

INS 

IN6 

INS 

INI0 

INII 

IN l 4 

INl6 

IN20 

PFI 

PF2 

PNI 

PN3 

Strain lmager 

VIVALDI 

* hot neutron instruments 

List of instruments (Dec. 2000) 

ILL INSTRUMENTS 

powder diffractometer 

powder diffractometer 

single-crystal diffractometer 

liquids diffractometer 

diffuse-scattering spectrometer 

single-crystal diffractometer 

single-crystal diffractometer 

small-angle scattering diffractometer 

small momentum-transfer diffractometer 

reflectometer 

single-crystal diffractometer 

powder diffractometer 

small-angle scattering diffractometer 

three-axis spectrometer 

three-axis spectrometer 

time-of-flight spectrometer 

time-of-flight spectrometer 

time-of-flight spectrometer 

three-axis spectrometer 

backscattering spectrometer 

spin-echo spectrometer 

three-axis spectrometer 

backscattering spectrometer 

three-axis spectrometer 

neutron beam for fundamental physics 

ultracold neutron source for fundamental physics 

fission product mass-spectrometer 

gamma-ray spectrometer 

thermal neutron Laue diffractometer 

operational 

operational 

operational 

operational 

operational 

operational 

operational 

operational 

operational 

operational 

operational 

operational 

operational 

operational 

operational 

commissioning 

under reconstruction 

operational 

operational 

operational 

operational 

operational 

operational 

operational 

operational 

operational 

operational 

operational 

under construction 

under construction 

D821 (50%) 
LADI (50%) 

INIS 

ADAM 

BRISP 

D IA 
D I B 

DIS 

D23 

EVA 
INl2 

INl3 

IN22 

S18 

CTl ,CT2 

S42 

T3 
T l 3A,C 

T l 7 

JOINTLY FUNDED INSTRUMENTS 

single-crystal diffractometer operational, with EMBL 

LAUE diffractometer operational, with EMBL 

spin-echo spectrometer operational, with FZ Ji.ilich 
and HMI Berlin 

CRG INSTRUMENTS 

reflectometer 

Brillouin spectrometer 

powder diffractometer 

powder diffractometer 

single-crystal diffractometer 

single-crystal diffractometer 

reflectometer 

three-axis spectrometer 

backscattering spectrometer 

three-axis spectrometer 

interferometer 

TEST BEAMS 

detector test facilities 

Laue-crystal alignment facility 

neutron optics test facility 

monochromator test facility 

cold neutron test facility 

CRG-B operational 

CRG-B under development 

potential CRG 

CRG-A operat ional 

CRG-B operational 

CRG-B commissioning 

CRG-B operational 

CRG-B operational 

CRG-A operational 

CRG-B commissioning 

CRG-C operational 



O Reactor core 

Hot neutrons 

1--Thermal neutrons 

--6)-Cold neutrons 

' A. Filhol 2000 

Reactor hall 
Level C 

Reactor hall 
Level D - PF2 

Guide hall I (ILL 7) 

- ILL instruments {filled in : operational 

- joindy funded instruments open : commissioning or 

- CRG instruments under construction 

INIO 

CT2 

6. Three-axis group 

D Diffraction group 

S42 

...d Large-scale structure group 

VIVALDI 

X Time-of-flight/high-resolution group 

O Nuclear and particle physics group 

0 Test and other beam positions 



Reactor operation 

Cycle starting dale nnishing dale 
scl~lcd 

121-2 15/02/00 02/03/00 16 
122 14/03/00 04/05/00 50 
123 23/05/00 12/07/00 50 
124 17/08/00 06/10/00 50 
125 18/10/00 08/12/00 50 

Total 216 

Table I: Reactor 01)('ralion in 2000. 

da)'S unscheduled 
or operation slmtdmms 

16 
51 
50 
50 
49 

2 16 

0 
0 
0 
I 
I 

2 

work wi ll incrrasr lhC' 
insLrumenl PN 1 's pcr­
rormancc and will 
allow users lo allrrna­
lr br lwrrn periods or 
irradiation aml moni­
toring Lile counL-raLt' 
on a particular sample. 
'1\1·0 <lrLrilialion opera­
Lions wrrr pr rrormrd 
in the srcond hair or 
Lile yra r. In thC' [irs l 
oprrnlion a litll r ovt•r 
60 m' or water rrom 
the rracLOr were trea­
ted. wi lh tritium ac ti­
vi ty in th e rracLor 
water being reduced 

Replacing the 111 O guide: Jacques Italia checks Lhc dose rate before starting operations. by a [actor or two. 

Thr second operation concerned Lhc trea l­
menl or 2 m' or water. to reduce il activity Lo 
alJoul 10 mCVI. This water wilh a \'Cry 1011 
tritium level will be used ror rinsing Lile 
un loading flasks. in order to reduce the leve ls 
of liquid waste produced during tb esc opera­
tions. Fol lowing these detritialion opera­
tion . the equiva lent of approximately 15 gm 
of tritium were sent to the CEA. Prior to lhc 
operations the tritium letdown equipmcn l 
had been modified and requalified. Lo adapt it 
10 Ille new tran sport flasks. 

The 11 01 source was rnmovcd rrom Ille reac­
tor 10 Lile storage pool in DcccmbC'I' 1999. 
ancl 1hr reactor has operated wil,hout 1101 
source during the year 2000. The des ign or 
the nrw sourer has been complrled and the 
cons1ruclion 11 ill be subcon tracted to an 
rx lr rnal manurac turing company. The nC'\\' 
hot source' is expec ted lO arri ve bdorc 1hr 
end or 200 I . In l11c meantime. Lil e in tru­
ments IJ :3. D4. D9 and IN I wil l conlinur op<•­
rating with thr rmal neutrons. 

Morr inrormalion about the ins1 rumen l per­
formance can he round on the ILL web undrr 
h I tp://www.iiI.fr/hotsou rce. h tm I. 

The 216-day programme of operaLions plan­
ned ror scicntiric work in the year 2000 was 
complctecl successfully. Any lime lo t due to 
the unscheduled shutdowns noted above was 
compensated by an cxten ion or cycles 122 and 125. 
The rirst unscheduled shutdown involl'cd a 
suspension or the cycle 124 ror about one 
hour as a result or techn ical problems with a 
compressor used on the refrigeration circuit 
ror the cold ource . A longer shutdown 
during the cycle 125 was decided by the 
Management rollowing industrial action. 

Preparing the H 10 guidr for rcplacrmcnt (N. Laurens. ~I. Samuel and N. Della-GaLLa) . 

The maintenance programme. since the 
replacing or the reactor block six years ago. 
is proceeding smoothly and this yea r work 
was ca rried out as scheduled to replace the 
sa fety rod absorbers on the H9 and H 1 O 
guides. Amongst tile new projects. Lile "source 
changer" tube ror H9 has been Lransrormed. 
as we ll as its associated control system. This 

Experimental 
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lnstrun,ents 
The instrumenta l facilities at U1c ILL arc 

sho\\'n in the schematic diagram on p. I 11 . 

Besides the 30 ILL instrnments there are ~l 

CRG-instruments. which are operatc'cl by 

external Collaborating Re ·rarch Groups. Therr 

are currently three clifferrnt categories of CRG 

instruments. 

• CRG-A in wl1ich the external group leases an 

instrument ownecl by ILL. Thry have 50% or 

the beam Lime at their cli posa l ancl for thr 

other 50% they support ILL' sc ientific user 

programme. 

• The CRG-13 ca tegory owns their instrument 

ancl have 70% or the beam limr. supporting 

the ILL programme for the othr r 30%. 

• finally. CRG-C instruments arc usecl full time 

for specific resea rch programmes by the exter­

nal group wl10 has exclusive use or the h<'am. 

DB2 I. LADI ancl IN 15 l1avc a special sta t,US, 

sincr t11 ey are a joint venture of ILL with othc1· 

laboratories: in the case or D13 21/LADI with 

E IBL ancl for INl 5 with FZ Jlilich ancl H~II 

Berlin. 

The list of instrument as or December 2000 is 

summarised below (CRG instruments arr mar­

ked \\'ith an asteri ·k *): 

• J)()\1 cler cliffracLOmcters: DI A. D 113*. D213. D20 

• liquids clirfractomctcr: 1)4 

• single-crystal cliffractomrtc rs: D3. DO. I) I 0. 

Dl 5*. Dl9. DB2 1. D23*. LAD I 

• small-angle sca tteri ng: D 11. D22 

• low momentum-transfer <l iffrac1omr tcr: D 16 

• refl ecLOmcters: ADAM *. D17. F. VA* 

• diffuse-sca ttering and polarisa tion analysis 

spectrometer: D7 

• three-axis spcctromctr rs: IN I. IN3. (IN8 

unclcr reconstruction). Ii 12*. IN 14. I 20. IN22* 

• tim e-of-flight spectrometers: IN . I 5. IN6. 

• backsca ttering am! spin-echo spectrometers: 

I 110. INI I. I 13*. I 15. I 16 

• nuclear physics in trumcnts: I' I . P 3 

• funclamental phys ics instruments: PF I. PF'2 

Deta ils of the instruments can be found on the 

web under httpJ/www.i ll.fr. 

S 18*. an interferometer. is a CRG-C instru­

ment and is normally not ava ilable as a ·user' 

instrument. Some !)earn time was macle ava i­

lable for proLOtype tests of USANS. 

Beam-tin,e allocation 
for 2000 
Overa ll the Subcommittees of the Scientific Council (mee tings in October 1990 and April 2000) 
sc rutinised 924 proposa ls. out of wh ich 677 proposa ls received bea m lime. allocating 4450 clays 
of beam time on the different instruments. About 750 experimen ts were car1- ied ou t. Table 2 shows 
the request ancl alloca tion of beam lime per instrument. 

!'lotr that D4 ancl I I share a heam and that the CRG instruments offer a recluced number of clays 
for II. I. users. For PF2 cvera l experiments share the beam taking neutrons alte rnati ve ly. so the 
table contains the beam-clays alloca tecl !Ju i gives the total number of experiments running sim ul­
taneously. 

lnslru1111·11L d,1~ s da~s numbl'I' of da~s used11 days losl 
rt·quesled allontll'd' t•~prri1111•nl s 

\I I \ \I 7'1 '·' II /1/1, 1, 

D10 268 177 Hl l fl7 "l 
I) I I 242 l ('i:I 64 165 10 
I>/> ,'/.'I ,'l( i , ) I II 1111 
1)16 23 1 160 17 J(-i2 4 
DI 7 * 7-l 7 
l)J9 302 190 17 19(-i 12 
DIA 15(-i 122 :12 123 9 
/) /H /Iii/ 117 I:! 1'17 JI 
1)20 105 91 :!5 -JI 0 
D22 333 1c-; :1 G9 150 25 
/)], / ' I ,/ / / //., " D2B 36 1 IG8 75 190 9 
D:J 280 IGO 17 J(l2 :!3 
1)4 1-1 2 57 1°I 6-l B 
1)7 3-ll IHO 17 IB5 5 
D9 310 179 :i , 185 G 
DB 2131 2:i 2 59 0 
/. \ \ 71 II I .!/Il l ') 

INI 133 :i(i 9 6fl -l 
I 110 103 139 I (i 156 -l 
INI I 2:w 17:1 I f.I 170 fl 
I\ I .! ,,.1 .I:! ,, ]II,, .I 
I\/ ,/ :!.I:! l{..! II l .'1.'I /) 

INl-l 3li2 1Ci7 21 177 1-l 
INl5 I (j2 59 !I 123 :w 
IN16 32 1 ICiO 22 184 12 
IN20 244 l (i-l IH 170 8 
I\ :!:! /(/(/ (,/ 7 /.')// II 
IN3 32 57 7 109 0 
IN4* 19 30 7 
IN5 208 I.JU :10 19:J 7 
IN6 :!76 16U -JO IU2 17 
I.ADI 220 205 11 145 3 
PF I 565 200 (i 21G 0 
PF2 371 225** 16 215 I 
PNI 239 IBO 11 131 58 
PN3 377 I.JI 7 189 -l 

Total 7555 4450 747 5790 -115 

'lbhlc 2: Beam-Lime request / allocation by instrumcnl and instrument performance. ILL usr or the 
CRG instruments (italic and blue) corresponds lo 30 or 50% or the total beam Lime used. 
• 'tla~ allocated· refers to only thosr days 11·vicwccl by 1hr subcommillccs (i.e .. excluding CRG clays) 
11 'clays used' refers to the total number or clays rlclivrrccl (i.<' .. inxc luding CRG rlays) 
(* D 17 and IN4 wc11· not ollicially scheduled in 2000: ** PF2 consists or several long-term rxpcri ­
mrnL~ so the number or clays schcdulrrl is given as an estimation) . 
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In 2000. Lile member countrie or the ILL 
were as fo llows: F'rance. Germany. UK. 
Spain, Switzerland , Austria. Italy. the Czech 
Republic and Russ ia. 

In calculating the statistics or beam-Lime per 
country. shown in Table 3. the attribution is 
ba sed on the location or the laboratory of the 
proposers. not their individual nationali ty. 
For a proposa l involving laborator ies from 
more Lhan one member country. the total 
number or days is divided equally amongs t 
the collaborating countries. When a proposal 
involves a collaboration with a non-member 
coun try. the allocated time is attributed en­
tirely to the collaborating member country 
(or coun tries). When ILL scienti sts are pro­
posers or co-proposers. the alloca ted ILL 
Lime' is attr ibuted amongst the member 
coun tries according to their fi nancial contri­
butions Lo ILL. Local contacts are not coun­
ted as proposers. 

The ILL welcomed 1207 users in 2000. 
Approximately 80% came from Lhc member 
countries includ ing 290 from France. 225 
from Germany and 236 from the UK (Fig. I ). 
Many or our· visito rs were receivecl more Lhan 
once. The re were thus almost 1900 visits in 
\\'hich about 750 experiments were ca rried 
out. 

The distribu tion of beam time for these expe­
riment amongs t the different 'Colleges' is 
shown in F'ig.2: 7% or the days were alloca­
ted to nuclear and runclamenLa l physic (col­
lege 3). I 0% Lo structural and magnetic exc i­
tations (college 4). 40% to crysta l and 
magnetic structu res (co ll ege 5a + 51J ). 7% to 
structure and dynamics or liquids and glassr s 
(college 6) . 11 % to materials sc ience. sur­
faces and spectroscopy (college 7). I 0% Lo 
biology (college 8) and 15% to structure and 
dynamics or oft-condensed matter (college 9). 

Count11 Re<1ucst ed days Requested % Allocated days Al loca ted % 

AUT + CZ 118.9 1. 5% 60.2 1.4% 

CII 254.4 3.3% 180. 5 4.0% 

I) 2154.5 27.8% 1313.2 29.5% 

E 363.7 4.7% 190.7 4.3% 

I' 2108.3 27.2% 1257. 2 28.2% 

CB 197 1.2 25.4% 1078.8 24.2% 

I 307.0 3.9% 148.3 3.3% 

R S 476. 1 6. 1% n9.s 5.2% 

'l11tal 7754. 1 JOO% 4450 .6 100% 

Table 3: Distribution of beam-time request and alloca tion amongst the member and scicntiOc-member countries. 

Collr~r 8 
10% 

Cu llcgr 7 
11 % 

(;Jl 20% 

OTIIERS 15% 

Figure I : Nationality of the users who came to the ILL in the yrar 2000. 

Co llege 3 
7% 

College 5b 
21% 

College 5a 
19% 

Pigurc 2: Bcam-timr allocation in 2000: distribution amongst the different colleges. 

Instrument performance 
'!able 2 on page 113 gives a summary or instrument 
performance for 2000. F'or each cycle a record is kept 
or any time lost from the tota l available beam-Lime. ancl 
the reasons for the lost Lime are analysed for all the 
instrumrnts. The table gives a global summary for thr 
year. In 2CXXJ. 415 days were lo L clue LO various mal­
functions. which represents about 7% or the total avai­
lable beam-Lime (lost Ume in 1999 was 11 .2%). 
I lowever. the majori~ or IJ1is time is returnrd LO users 
because usually time for minor breakdowns. tests. cali­
brations. scheduling difficulties and direcwr· discre­
tion Lime is allowed for in the scheduling process. 
Detailed comments on the larger beam-time losses 
(20 clays or more) are as follows: 

Experimental 
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• D3 had va rious problems with bad connectnrs 
involving polarisation insl8ili lities and with a cryo­
pacl malfu nction due LO a leak between the bath 
ancl the vacuum. In addition. beam Lime could not 
be u ed efficiently clue to problems on the user 
side (bad samplr ): it proved impossible to fi nd 
replacement expcrimrnts al short notice. 
• D22 suffered lime loss due to a magnetic field 
in terference with thr neighbourhood instrument 
I 15. Solutions tD avoid lhi kind of problem in 
future are under investigation. 
• INI 5 struggled wi th the mechanics and electro­
nics of its chopper for the Lime-of-night option. 
• I\ longer shut down period on PN I was clue to a 

failure of the target changing mechanism. which 
eventually was tot.a lly reconstructed by the reac­
tor depa rtmen l. 

l'lt"rS 

10% 

~1t·chunica 
7% 

Reasons for beam I ime loss in 2000 

f:ll'rlrical I:!% 

Computing 
3% 

llcLector 12% 

Others 
23% 



Industrial use of neutrons 

The year 2000 has been a remarkably good 
year ror relations with industry. both in terms or 
completed neutron experiments and in terms or 
new contracts with high profile industrial com­
panie . Most or the experiments were perror­
med in the field or small-angle neutron sca tte­
ring (instruments D11 & D22). while other 
measurements required the use of neutron 
strain imaging (instrument D1A). Furthermore. 
D20 was used for industrial tests. 
The sa les figures for 2000 were as rollows: 

Number or customers 
umber or new customers 

Number of instrument days 

in 2000 in 1999 
9 4 
5 1 
17 8.5 

Bearing in mind that it takes rrom 6 to 12 
months to convert a serious contact into an 
industrial experiment. these figures speak for 
them ·elves as a renecLion or the combined 
effort made by all members of the Industrial 
Liaison Group (Pierre Convert. Peter Lindner. 
Thilo Pirling and Albert Wright). Bu ilding up a 
continuou and effective industrial activity is a 
long-term effort. 

User forun, 
The ILL values feed-back from the users as an 
indicator or how well our facility is fulfilling 
their needs and to initiate actions when we are 
not. Therefore this year for the first Lime we 
have instiga ted the idea of a User F'orum. Those 
users already on site for schedu led experiments 
were invited to an informal meeting with the 
ILL directors. the physicists' representatives. 
and the Group Leader (DS and DPT) and were 
given the opportunity to comment on several 
points of interest such as instruments and ser­
vice at the ILL. We have organ ised two User 
F'orums in 2000. The first one - held in March -
was already considered to be a success. but the 
second one in October was even more 
con tructive. Clearly we are on a positive lear­
ning curve here! Many positive suggestions 
were made ranging rrom instrument up-grading 
and new sample environments to network 
connections in the Guest House rooms. We very 
mucl1 appreciatecl the enthusiasm and co-ope­
ration of ouI· users in giving their views. and 
every effort wi ll be made to implement sugges­
tion s. 'lb elate. our electronic proposa l submis­
sion ha alreacly been rurther improved rollow­
ing your initial comments. and the possibil ity of 
strengthening the technica l support outs ide 
working hour is being looked in to. 

The role or the 
Industrial Liaison 
Group (ILG) i to sti­
mulate a cominuous 
programme or com­
m unicaLions ancl 
exchanges. In 2000. 
the JLG organised a 
wide programme of 
meetings and pre-
sentations or neu- Johanne Zipfel mounting the high-temperature sample changer on D 11. 

tron-relatecl indus-
trial work. In April 2000. ILL experts pre ented 
neutron techniques to Engineering Schools and 
the University Claude Bernard in Lyon which 
re ultecl in a new user ror strain mr-asurements 
with close links LO industry 111. 
A on -clay workshop was held on 29 June 2000. 
dedicated to the "Characterisation or industrial 
materials using neutron ... to enable indu IJ'Y 
and applied research laboratorie to learn more 
about what neutrons can be used ror [2]. 
In September 2000. the ILL presented two pos­
ters at the "Materia ls Week"* in Munich. This 
also provided the opportunity to make useful 
contacts with many German-based companies at 
the associaLcd trade fair. 

F'or 2001. it is planned to establish a fonun ror 
industrial engineers and applied scientists. in ter­
ested in the use or neutron methods. Our aim is 
to create a network LO promote the industrial 
applica tions of neutrons in different fields of 
in terest. ILL will animate seminars and meetings 
for this forum during the year to come in order to 
bui ld exchange and to develop a strategy for neu­
tron applications for the benefit of all parties. 

• Organised by Wcrksto!Twoche-Partnerschaft GBRmbl I. 

F'rankfurL. 

REFERENCES 

e [ I ) JU. NEWS FOR REACTOR USERS, N° 33 (JUNE 2000) P. 3 e (2) 

THIS ANNUAL REPORT (EDITION 2000), WORKSHOP SECTION, P.106 

User satisfaction 
User sa tisfaction ha been Le ted since July 2000 via a questionnaire - the User Satisfaction F'orm -
received by all users upon arrival at the ILL. The results of the survey- as can be seen in F'ig.4 - show­
ed in most case a very high satisfaction ( higher than 90%) with the staff support. ILL equipment and 
human comfort. F'rom the comments on the sheets we are pleased to see that ILL is considered as an 
excellent facility to carI'Y out research and a great place to come for experiments. We will do our best to 
keep up the good work1 

Sclenllflc support 

Breakdown service 

User olflce supporl 

Reception 

Instrumentation 

Si mple cnvtronmcnl 

lnstrumeut control 

Data reduction programmes 

Electronic proposal submission 

Accommodallon 

Restaurant 

Library 

Sourre rellablll ty• 

Lsersatisraction Wllh .... 

.. --- .. ' 

' L 

- _. 
- . . : 

0 10 20 30 40 ~ 60 70 80 90 100 

Sadsractt-, la % 

Flgurr 4: llsrr sausrarllon survey resullS (July 2000 - December 2000) . 
• The source rr llablllty has been ca lculated from Tub. I . 
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Florian ette hcim (University of Kiel) loading a sample into the 
Bohlin rheometer. 

Th ilo Pirl ing l'iLs out the area for the future Strain Scanner. 

Jane Brown and Jen -Boie Suck (Chcmnitz Llniver ity) during the 
l'irsl ILL lJ ·er Forum. held in ~larch 2000. 

Facts 
I 16 and ngures 

Anton Oed checks a mirros trip plate before mounting. 

David Weddle (lefl) and Roger Chung mount the new low-angle 
mu ltidctcctor on IN4. 

Alan Hewat and Maria Teresa Fernandez Diaz enjoy the 
Subcommittee lunch. 



Facts 
and figures 

Facts and Figures for 2000 

Name 

Founded 

Associates 

lnslitut Max von Laue - Paul Langevin (ILL) 

1967 

l~rancr: Commi ariat a l't5nergie atomiqur (C l,:A) 
Centre national de la recherche scientil'ique (CN RS) 

l"rfl rra l Republic or Ge rmany: For clwng zentrum JUlich 
United Kingdom: Engineering and Phys ica l Sciences Re. ea rch Council (EPSRC) 

Countries with Scientific membership 

Staff 

Spain 

Switzerland 

Italy 

Russia 

Minister io de Ciencia y Tecnologla (MCYT) 

Schweizer Bunclesamt rnr Bildung uncl Wi sscnschart (SBB\V) 

I Litu to 1azionale per la Fi ica delta Materia (I Ftvl ) 

Ml ATOM 

MENI (Middle European Neutron Initiative) Consortium, composed of 
Austria: Osterreichische Akademie cler Wi ssenschal'ten 
Czech Republic: Charles University or Prague 

409 people includ ing 52 experimenta li sts in the sc ienti fi c sec tor 
250 French. 52 German , 56 Briti sh. 42 others. 

■ French 259,5 63 ,37% 

□ British 56 13,68% 

□ German 52 12,70% 

■ Others 42 10,26% 
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J.Tribolet 

THEORY 
E.K.us 
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Assisant T. Pk1if1 

SAFETY ENGINEER MEDICAL 
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c. Venier 
Associate Director 
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UBIWO' 
V.Temiet-
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A.iDianoux 
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OFFICER 

A.LeNoll 

DIRECTOR 
D.Dubben 
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DIVISION 
C.Carfile 

Associate Oirea.or 

Deputy A Heidemann 

NEUTRON DISTRIBUTION, 
MECHANICS 
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F. Descamps 

COMPUTING 
A. Barthelemy 

NEUTRON-OPTICS 
I. Anderson 

DmCTORS 
B. Guerard 
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ENVIRONMENT 

S.Pujol 

REACTOR 
DMSION 
E.Bauer 

Deputy J.M.Astruc 

SHIFTTEAM.S, 
SITE SECURITY 
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M. Kramer 
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SERVICE 
j.Bazin 
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Income (MF) 

■ Income from Associates 315.8 8-1 .00% 
(Dilidrd: F 37.8796: D 37.11396: l'K 2j96J 

■ Income from 53. -l 14.20% 
cicnlif1c members 

□ Own Income 6.8 1.80% 

Total 376 100% 

Budget 

Bodies 

Reactor 

Experimental Programme 

Expenditure (MF) Distribution of ILL purchases 
(MF, excluding taxes) 

■ Starr cost 187.4 49.84% ■ Prance 52.1 

■ Operating cos t · 70.8 18.83% ■ Germany 7,5 

□ Investment cost.5 43.4 11.54% □ United Kingdom 4.5 

□ Fuel cycle 7-1.4 19.79% □ Other 13.8 

Total 376 100% Total 77,9 

376 MF (exclud ing ta xes) 

Steering Committee. meeting twice a year 
Scientific Council with 8 Subcommittees. mee ting twice a yea r 
Management Board. meeting weekly 

58 MW. running 4.5 cycles in 2000 (with cyc les of 50 clays) 

747 experiments (a llocated by ubcommittees) on 25 ILL-funclecl 
and 8 CRG instruments 
1207 visitors coming from 33 countries 
924 proposa ls submitted and 677 accepted 

66.88% 

9.64% 

5.79% 

17.72% 

100% 

Experiment Selection by the Scientific Council via its 8 subcommittees 

Scientific Life 

Nuclea r ancl rundamenta l physics (co llege 3) 
Structura l and magnetic excitations (college 4) 
Cry tallographic structures (college 5a) 
Magnetic structures (college 5b) 
Structure and dynamic of liquids ancl glasses (college 6) 
Materials science. surfaces and spectroscopy (college 7) 
Structure and dynamics of bio logica l systems (co llege 8) 
Structure and dynam ics of sort-condensed matter (college 9) 

based on 10 co lleges 
8 of which map on to the subcommittees plus two others: 
instrument and techn iques (college I ): th eory (college 2) 
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120 

Ralph Sicbrechl can'L believe how lucky he is. surrounded by Lhis 
smiling bunch of ILL young scicnli Is: from Lhe left. Isabelle Grillo. 
Laurcnc·e Perino. Giovanna Fragneto and Claudia londelli. 

Jean Paul Gonzales checks Lhe inside of Lhe 6mK dilulion refrigerator. 

Publications 

Stephanie Pougct (right) explaining Lhc 1i rinci1i lc of Lhe spin-echo 
lechnique. 

Sending out the Annual Report! 



Publications 

In 2000 , th e ILL rece ived noti ce of 47 5 pub li ca tion s by ILL staff and use rs 

or which 28 5 were publish ed as journal arti cles , 187 as conference pro­

ceedin gs in journals, books or reports and 3 as book chapters. Th e di stri­

buti on by subj ec t is as foll ows: 41 in in strum ents and meth ods. 11 in 

th eo ry, 64 in fund amental and nu clea r ph ys ic . 42 in stru ctural and 

magneti c exc itati ons, 77 in crysta l log raph ic stru ctures . 79 in magnetic 

stru ctures . 45 in stru cture and dynamics of liqu ids and gla cs. 54 in mate­

ri als sc ience. surfaces and spec tro sco py, 31 in bi ology. 31 in stru cture and 

dynami cs of so ft- co nden ed matter. 

Publications 
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This list gives publications received during 2000 resulting from research carried out at the ILL. It was generated from the library 
database LORIS-DORIS and can be consulted on the Web at http://www.ill.fr 

Papers published in scientific periodicals, 
books and conference proceedings 

ABELE H .. BOUCHER A.. GELTENBORf P.. KLEIN 
M .. SCHMIDT U .. STELLMACH C. Radio lmIurn(') ­
inducccl polariwtion of ulira-{'Old nc·uLmns rn· how ID 
pump a t\\'0-lr\rl s . .'Lem. 
'uclear lnstrumenlS and Method in Physics 

Research A 440. 760-763 (2000) 

ACET M., ROESSEL T. WASSERMAN E.P.. ANDER­
SEN KH .. KULDA J .. MURANI Al .. WILDES A 
\loment fluctuations and ,n1t11m· c•nhancm1cnl8 in 
anU-lnvar. 
Journal of the Physical Sociely of Japan Supplement A 
69. 108-111 (2000) 

ACET M.. WASSERMAN E.P.. ANDERSE KH .. 
KULDA J.. MURANI AP.. WILDES A I ;-uir spill lltK'tUa­
tiol1s cmcl ITIOITI('nt-\Dllllll!' rnupling in J/(' in an I-u: ('IWi-­

mnmrnl. 
F1lysica B 276-278. 72.8--7'EJ (20CO) 

ACET M.. WASSERMANN E.P.. PEPPERHOF'F' W 
Rr lC'Vllnce or magnt·lic inslclbililies to Ul(' phi.IS(' SUll)i­
lit.irs or Fe alloY8. 
Phikrophical Magazine B 80, 127-139 (2000) 

ADAMS S. CD\\ suIX'I'SIJ11cwres in hydI111.rn molyl>­
clrnum llmnzrs 11, \ 100

1 
. 

Journal ofSolicl State Chemistry 149. 75--87 (2000) 

ADELMANN P.. RE KER B .. SCHOBER H .. BRADEN 
M .. FERNANDE7..rDIAZ P. l;itlic~· dynamics of Li-
71 i\CI: An c•kx·urn ckrnl la:,n"('(J suIxmmducllJI'. 
JoWTial of Low-'lemperatJ.ire Physics 117. 449--453 
(1999) 

AGTERBERG D.P.. HEEB R. KEALEY P.G .. RISEl'vlAN 
T.M .. FDRGAN E.M .. MACKENZIE A.P.. GALAIIN L.M .. 
PERRY RS .. LEE S.L .. PAUL D.MCK. CUBITI' R. MAO 
Z.Q .. AKIMA S .. MAENO Y \ortcx lmLlcc su1IctuI'Cs 
ancl paiIing ~}11Imeuy in SrluO r 
Physica C 34 1-348. 1643-1646 (2000) 

AKSENOV VL .. KOZHEVNIKOV S.V. IKITENKO YV. 
LAUl'ER H.J. Reflection ancl rcFractim of spin-llip neu­
uuns in a F'e-Gd s1J1Ic1J.11t·. 
Pt:1ysica B 276-278. 179-180 (2CXX}) 

ALONSO JA. MARl'INEZ-LOPE M.J .. CASAJS M.T.. 
FERNANDEZ-DIAZ M.T l•~olution of U1c Jahn-'lr ller 
cliSIDI'lion or~ 11101, octahc~lra in Ril,lnnl IX'[{J\ .lill'S (R 
= Pr. J\cl. Dy. 'lli. I lo. I·'.r., ): /\ ncutrnn diffraction study. 
Inorganic Chemistry 39. 917-923 (2000) 

Publications 
122 

ALO SO JA. MARTINEZ-LOPE M.J .. CASAJS M.T, 
GARCIA-M OZ J.L .. F'ERNA DEZ-DIAZ M.T. 
Rcx1m-tcmperalurc monoclinic distortion dur to 
ch,lf'/-l(' clispmJXJrlionalion in R\iO ll('ro, :kites\\ iU1 
small ra1N'a11.h cations (R= I lo. t l•:r. 'ITn. 'rh. ,md Lu): 
\ neutron di ffraction sludy. 
Physical Review B 61 , 1756- 1763 (2000) 

ALONSO J.A.. MARTINEZ-LOPE M J.. CASAJS M.T. 
MARflNEZ J.L., DEMAZEAU G .. LARGETEAU A.. 
GARCIA-MU OZ J.L .. MUNOZ A.. FERNANDEZ-­
DIAZ M.T. I ligli-pressure pl1'paration. crystal st111c­
tu1'1.'. magnl'tir pmpc>rti(·s. ancl phase transition. in 
Ccl\ i0

1 
and Dy i0

1
Irni,s~ites. 

ChemistryofMat.erials 11. 2463-2469 (1999) 

ALONSO J.A.. MARflNEZ-LOPI!: M.J .. CASAJS M.T. 
MARTINEZ J.L.. FERNANDEZ-DIAZ M.T I ,arw 
inm\N' in magn1·tol'1'Sistanct' and clustl'l'-glass 
liehm ior in dcrect Tl2,~ln/J1. pyrorh lorrs. 
Chemistry of Materials 12. 1127-1133 (2000) 

ALONSO J.A.. MARTINEZ-LOPE M.J.. CASAIS 
M.T. VELASCO P.. MARTI EZ J.L .. F'ERNANDEZ­
DIAZ M.T .. DE PAOLI J.M. l~nllann•mrn l of ferro­
magnetic rnupling in Sli-suhsti tutccl '1'I} 1n })

7 

p~11x·l1lon·s (Rcipid communications). 
Physical Review B 60. R1 5024-R1 5027 (1999) 

ALONSO J.A.. SANZ J .. SANTAMARIA J .. LEON C .. 
VAREZ A.. F'ERNANDEZ-DIAZ M .T On tlw location 
of Li• cations in till' fast I ,i-cation conductor 
La

0 
.. ,I ,i

11 
.. ,' llm IX'ID\Ski tc. 

Angewandt.c Chemie International Edition English 
39. 619-62 1 (2000) 

ALONSO J.A.. VELASCO P.. MARTINEZ-LOPE M.J .. 
CASAIS MT. MARTINEZ J.L .. FERNANDEZ-DIAZ 
M.T. DE PAOLI J.M. l h1p1'C'ccdc11t1•cl magncLOI'C'Sis­
tance in Ccl-<sullsti tutcd 'I\~ In/\ pyroclllorcs. 
Applied PhY8iCS Letters 76. 3274-3276 (2000) 

ALVAREZ L.. RIGHI A.. ROLS S.. CLARET E.. 
SAUVAJOL J.L. !<:\citation rncI'g\ depemlcnct' or the 
Raman swcL"Im of si1~IM1allcd ca,trn nanolutx·s. 
Chemical Ph ics Letters 320. 441-447 (2000) 

AMORE'ITI G .. CACIUF'FO R .. COMBET J .. M RA­
NI A.P.. CANESCHI A. liwlastil' m·utron scatte1•ing 
belcl\l 8:i Iw\ and Zt'ro-flckl splill ing pal'cl llll't('l'S in 
Lill' h ·11 magnetic clustc· ,·. 
Plly ical Review B 62. 3022-3024 (2000) 

DERSEN KH .. BO RGEAT-LAMI E.. DREYER 
J .. HEIL W. HOF'M D .. HUMBLOT H .. NANO\/ 
S .. KULDA J .. LELIEVRE-BERNA E .. PETOUKHOV 
A.. PUJOLS .. REG A LT L.P.. ROBERl'S T.W. STE­
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