Difractia de neutroni
(si de electroni)



Introducere

Bazele difractiei de neutroni pentru analiza structurii cristaline.
Exemple

cuprins:
Cum putem investiga structura cristalina?

Ce este difractia?
Difractia pe monocristale si pulberi
Avantajele difractiei de neutroni fata de difractia de raze X.

[1Cum arata un experiment de difractie de neutroni?

vezi si cins.ca/docs/SS09/Powder7%20Diffraction%20BIERINGER. ppt



Difractia

[

Interferenta a doua unde Difractia pe doua fante

Se poate face cu radiatie electromagnetica (dar i cu neutroni si electroni)

2 fante 2 fante si 5 fante



Relevanta difractiei de neutroni

Ce face ca difractia de neutroni sa fie interesanta pentru studiul
structurii cristaline?

De multe ori este singura modalitate de a observa structura cristalina
cu Tnalta precizie, analiza miscarii fermice si a dizordinii locale

Studiul structurilor cristaline complexe
Determinarea pozitiei atomilor usori

Determinarea structurilor magnetice



Premii Nobel

The Nobel Prize in
Physics 1994

The Nobel Prize in
Physics 1935

"In simple terms,
Clifford G. Shull .
has helped answer the question “for the

of where atoms are, development of
the neutron

diffraction
and technique”

James Chadwick

Bertram N. Brockhouse the
question of what atoms do*,
(Nobel citation)

"“for the discovery of the neutron”  "for pioneering contributions to the
development of neutron scattering
techniques for studies of

condensed matter" "for the
development of

neutron
spectroscopy"



http://images.google.de/imgres?imgurl=wwwps.lnf.infn.it/notiziario/not10/Resources/6.jpg&imgrefurl=http://wwwps.lnf.infn.it/notiziario/not10/scienza.html&h=297&w=231&prev=/images%3Fq%3Djames%2Bchadwick%26start%3D20%26svnum%3D10%26hl%3Dde%26lr%3D%26ie%3DUTF-8%26sa%3DN�

Cum sa observam atomii

E imposibil prin microscopie
Lungimea de unda trebuie sa fie mai mica decat obiectul

Nu putem folosi razele X in microscopie
Microscopia electronica merge destul de departe,

dar nu chiar asa departe

Nu putem primi informatii despre structura interna a materiei cristaline

Atomii sunt aranjati in seturi de plane echidistante, in reteaua cristalina



cateva proprietdti importante ale neutronului

Lungimea de unda De Broglie :

Masa = (masa fotonului = zero)
Sarcina = (sarcina fotonului = zero)
Spin = 1/2 (spinul fotonului = 1)

Momentul magnetic de dipol =

tipuri de neutroni Energia (meV) Temperatura (K) Lungimea de unda (A)
“reci”: 0,1-10 1-120 4 -30
“termici": 5-100 60 - 1000 1-4
“fierbinti": 100 - 500 1000 - 6000 04-1

pentru experimente de difractie sunt utilizati neutroni tfermici cu viteza ~ 2000 m/s la temperatura camerei



Meutrons are NEUTRAL particles. They

= gre highly penetrating,
= can be used as nondestructive probes, and
= can be used to study samples in severe environments

Neutrons have a MAGNETIC moment. They can be
used to

« sludy microscopic magnetic structure,
* study magnetic fluctuations, and
+ devalop magnetic materials,

Meutrons have SFIN. They can be

= formed into polarized neutron beams,
+ used fo study nuclear {atomic) orientation, and
= used for coherent and incoherent scattenng.

The ENERGIES of thermal neutrons are similar to the
energies of elementary excitations in solids. Both
have similar

= molecular vibrations,
= |attice modes, and
= dynamics of atomic motion.

The WAVELENGTHS of neutrons are similar to
atomic spacings. They can determine

+ structural sensitivity,

» structural information from 1073 to 10 em, and
+ crystal structures and atomic spacings.

Meutrons “see” NUCLEL They

= gre sensitive to light atoms,
= can exploit isotopic substitution, and
= can use contrast variation to differentiate complex

molecular structures.

Fotoni

Raze X

electron

neutron

MA] Kk[1/A] v(m/s) E maxAE/E

5000 103  3.108 eV 108
1 1 3.108 kev  10°
1 1 6.10” 150eV 10°

1 1 400 meV 106

cins.ca/docs/SS09/Powder%20Diffraction%20BIERINGER.ppt



De ce difractie de neutroni?

De ce neutroni?

Neutronii si razele X interactioneaza cu materia in mod diferit:

Neutronii interactioneaza cu nucleul Razele X interactioneaza
cu electronii
Sectiunea
eficace de H C N o)

ciocnire

S Br
< O 0@
- o 9Q@e - O




www._ncnr.nist. qQov
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Producerea neutronilor prin fisiune

@ 23517 Nucleu

=
Fragmente VNeuTroni i rapizi sunt

de fisiune ‘/l Tncetiniti de ciocnirile din

\ moderator (C, H,O, D,0)

U2%+n — Mo®+Lal*%+2n

Neutron lent

_.'O




FRM-II Reactor. Munich,
Germany (2002)

“neutroni termici” -temperatura moderatorului ~ 50°C

“neutroni reci- femperatura moderatorului ~ -250°C



Institutul Laue-Langevin Grenoble, Franta




Tncetinirea neutronilor de mare viteza cu un moderator

Modarator =
(O walod)

vROC Iy

"..-"'u""'.-".*"".".".EUFDHUC|EET.GFQ
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Selectdm o lungime de unda prin difractia Bragg

pe un cristal

Monocristal

Fascicul
nedeviat

l____ Fascicul
g incident de la
colimator

Componenta
monocromatica

_"+ Proba _"'Q

Legea Bragg - o lungime de unda

A=2d,,sin 0

Bacon



Figura de difractie releva structura cristalina
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Producerea neutronilor prin spalatie

proton rapid
- @ ‘nucleu greu (Ta, U, Hg)

o Neutronii rapizi sunt
" Ancetiniti de ciocnirile din
@ moderator (CH,, H,O, D,0)
N

@
In fizica nucleard “spallation”- spalatie este procesul in

care un nucleu greu ciocnit de un proton energic emite un
mare numdr de neutroni, reducandu-si masa.



|
__

PSI Villigen, Elve'ia



Reactor-Sources

*Budapest Neutron Centre, AEKI, Budapest, Hungary
*Berlin Neutron Scattering Center, Hahn-Meitner-Institut, Berlin

*Center for Fundamental and Applied Neutron Research (CFANR), Rez nr Prague, Czech

Republic

*FRJ-2 Reactor, Forschungzentrum Julich, Germany

*Frank Laboratory of Neutron Physics, Joint Institute of Nuclear Research, Dubna,
Russia

*GKSS Institute for Materials Research, Hamburg, Germany

eInstitut Laue Langevin, Grenoble, France

eInterfacultair Reactor Instituut, Delft University of Technology, NL

*JEEP-11 Reactor, IFE, Kjeller, Norway

eLaboratoire Léon Brillouin, Saclay, France

L jubljana TRIGA MARK Il Research Reactor, J. Stefan Institute, Slovenia

«St. Petersburg Nuclear Physics Institute, Gatchina, Russia

*Studsvik Neutron Research Laboratory (NFL), Studsvik, Sweden

*Centro Atomico Bariloche, Rio Negro, Argentina

*Chalk River Neutron Program for Material Research, Chalk River, Ontario, Canada
*High Flux Isotope Reactor (HFIR), Oak Ridge National Laboratory, Tennessee, USA
L_os Alamos Neutron Science Center (LANSCE), New Mexico, USA

*McMaster Nuclear Reactor, Hamilton, Ontario, Canada

*MIT Nuclear Reactor Laboratory, Massachusetts, USA

*NIST Center for Neutron Research, Gaithersburg, Maryland, USA

*Peruvian Institute of Nuclear Energy (IPEN), Lima, Peru

*University of Missouri Research Reactor, Columbia, Missouri, USA

*University of Illinois Triga Reactor, Urbana-Champaign, Illinois, USA

eInstitute, Australian Nuclear Science and Technology Organisation, Lucas Heights,
Australia

*High-flux Advanced Neutron Application Reactor (HANARO), Korea

«Japan Atomic Energy Research Institute (JAERI), Tokai, Japan

*KENS Neutron Scattering Facility, KEK, Tsukuba, Japan

*Kyoto University Research Reactor Institute (KURRI), Kyoto, Japan

*Malaysian Institute for Nuclear Technology Research (MINT), Malaysia

* Australian Replacement Research Reactor, Lucas Heights, Australia

eCanadian Neutron Facility, Chalk River, Ontario, Canada

*FRM-11 Research Reactor, Garching, Germany

Spallation Sources

*ISIS Pulsed Neutron Facility, Rutherford-
Appleton Laboratory, Oxfordshire, UK
*Swiss Spallation Neutron Source (SINQ),
Villigen SwitzerlandBragg

Intense Pulsed Neutron Source (IPNS),
Argonne National Laboratory, Illinois,
USA

«Spallation Neutron Source, Oak Ridge
National Laboratory, Tennessee, USA
*Austron Spallation Neutron Source,
Vienna, Austria

*European Spallation Source (ESS)
«Japan Proton Accelerator Research
Complex (J-PARC), Tokai, Japan

din cryocourse
Grenoble 2011



Legea lui Bragg

Fascicul —,
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fascicul policromatic, monocristal

T C Hansen, ILL, 29 June 2000 T C Hansen, ILL, 29 June 2000

23



Figura de difractie Laue pentru La,Coy; pe un film
fotografic

-pentru determinarea pozitiei si a calitatii unui cristal
-intensitatea da informatii despre constantele de retea

T C Hansen, ILL, 29 June 2000 Workshop on the Characterisation of Industrial Materials using Neutrons: Neutron diffraction for crystal structure analysis 24
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Fascicul Cristal monocromator
policromatic \
Fascicul

monocromatic

fasciculul policromatic, de requla, este de 100
de ori mai intens decat cel monocromatic



ILL Grenoble
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DMC high efficiency PSD powder diffractometer PSI (Zurich)
P. Fischer et al.



15T cryomagnet at PSI (http://Ins00.psi.ch

/singqwik
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Razele X imprastiate de norul de electroni

Electronii oscileaza generand
Razele X = camp electric oscilant hoi raze X

4
_/
/

Atom= nucleu +norul de electroni



Norul de electroni umple aproape tot volumul
atomului




Neutronii ne indica unde sunt centrati atomii,

adica locatia nucleelor, nu electronii




Exemple: Grosimea (mm) a materialului care reduce
intensitatea transmisa I la 10% din cea initiala I,

Lo

—)

X
<>

R

I-= Ioe_ux

Neutroni

http://www.chem.uci.edu/~lawm/263%204.pdf

Raze X (1,54 A)

Be | 249 o5m2

Fe | te1 oo
——

Neu’rronu pene’rreaza mult mai ugor deca’r razele X



Powder diffraction: neutrons vs x-rays
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Both patterns are Ba3CoNb209 at ~1.5A

(from Ray Withers, Valeska Ting; Research School of Chemistry, ANU)



Magnetism

Neutronii posedd moment magnetic astfel incat ei pot da
indicatii despre peisajul magnetic din probe, adica cum sunt
orientasi ionii magnetici dintr-o probd. In cazul materialului
exemplificat aici, jumatate dintre ionii magnetici sunt
orientati “in sus” iar cealaltd jumdtate “in jos", astefel ca
materialul pare ca nu este magnetic (este anti-feromagnetic).

3333335983343
%£1%§%§1 iﬁigé
3$33%5329%% 454
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Paramagnet (T > T;)
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intensitate
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Fig. 12, Neutron diffraction patterns for MnO at liquid nitrogen and room temperatures, after
correction for the various forms of extraneous diffuse scattering. Four extra antiferro-

magnetic reflections are to be noticed in the low-temperature pattern,
(After Shull, Strauser and Wollan 1951)




MAGNETIC
UNIT GELL UNIT CELL

Mn ATOMS IN MnOD

Fi1G. 5. Antiferromagnetic structure existing in MnO below its
Curie temperature of 120°K. The magnetic unit cell has twice the
linear dimensions of the chemical unit cell. Only Mn ions are
shown in the diagram.

(After Shull, Strauser and Wollan 1951)
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OYSTER at T.U. Delft
Sa i B e e

AR .
NS e

PEARL diffractometer (http://pearl.weblog.tudelft.nl/)
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Metoda pulberilor

Ul

Diffraction angle 0 e——

Intensity

Rezolutie Tnalta
Determinarea structurii

Intensitate mare
Probe mici
Studii cinetice
Tranzitii de faza

textura




Neutroni/ raze X

Neutronii: imprastiati de nucleu — razele X de norul de electroni:
Pozitii mai putin precise pentru atomii usori (electronii de legatura)
Factor de structura vartiabil, mai putin intense la unghiuri de difractie mari

Diferente mari de intensitate la imprastierea pe elemente usoare si grele. Neutronii: factor de
structura constant, depinde putin de la un element la altul

Neutronii sunt penetranti - razele X sunt rapid absorbite la suprafata
Neutronii pot strabate prin port-probe complexe (celule de presiune, cuptoare)

Neutronii pot da informatii despre propritatile interne ale probelor voluminoase
Neutronii permit obtinerea unor diagrame 3D fin interiorul probelor voluminoase

Neutronii au moment magnetic de spin: pot fi utilizati pentru caracterizarea ordinii
magnetice

1 U J N .. ’l_l UU

Manganita MnOOH cu D/H (sus) si fara H/D,
difractie de neutroni, iar la dreapta difractie de raze X

it . A L

http://www.chem.uci.edu/~lawm/263 %204 .pdf



-Contrast bun intre diferite elemente
-Sensibili la substitutii atomice

‘Foarte buni pentru determinare miscarii atomice



Cate ceva despre
difractia de electroni

Difractia de electroni este utilizata n analiza
structurald mai ales Tn cazul filmelor subtiri si a
materialelor cristaline fin dispersate (ex.
cristale lichide) si permite determinarea
completd a structurii, si stabilirea coordonatelor
atomilor in cristal i influenta vibratiilor termice
si a legaturilor chimice.

46



In linii mari, fenomenul are la baza aceleasi principii ca
siTn cazul razelor X si al neutronilor

Un cristal reprezinta o distributie periodica de centrii de
Tmprdstiere. Distributia de puncte Th care amplitudinea de
Tmprdstiere este diferitd de zero si ia valoarea F, este periodica
n spatiul reciproc si formeaza reteaua reciproca.

Obtinem o figurd formata din puncte care corespond planelor hkl

Figurile de
difractie pot fi
observate in
transmisie sau
n reflexi

47



Electron =3
sonree _= g g g ::‘1-
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Clrystal
lattice
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Vacuum e Diffracted
Chamber T _electron beam

Mickel
Target

http://www.slideshare.net/johader/tem-workshop-2013-electron-dif fraction-hadermannfinal 48



Exemple
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monocristal e policristal
policristal

(mozaic) texturat razele inelelor sunt invers
proportionale cu distanta interplanara
a planelor de la care provin

http://www.slideshare.net/ johader/tem-workshop-2013-electron-dif fraction-hadermannfinal



razele inelelor sunt invers
proportionale cu distanta
interplanara a planelor de la
care provin

http://www.slideshare.net/ johader/tem-workshop-2013-electron-diffraction-hadermannfinal

Figurile de difractie obfinute prin aceasta
metodd permit determinarea completa a unor
structuri atomice periodice necunoscute

50
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