Experimentalne metody
Marcel MiGLiERiNi

6. Mossbauerova spektrometria 2

" hyperjemne interakcie
o elektricka monopolova
o elektricka kvadrupolova
o magneticka dipolova

" kalibracia spektra

" vybrane aplikacie



Typy spektier
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Fe55%-Cr25%-Ni20%

sodium nitroprusid
Na,[Fe(CN):NO].2H,O

kovoveé zelezo
bcc-Fe

relative transmission

100}
0.90|

0.80
1.00
0.95

0.90

1.00 |-dgd
095}

0.90

210 5 0 5 10
velocity (mm/s)



Magnetické oxidy

" Fe-obsahujuce mineraly
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Vyhodnotenie spektra

hematit
o—Fe,0,

/

magnetit
Fe;O,

F

kvalitativna analyza
- identifikacia zlucenin

kvantitativna analyza
- pomerné zastupenie

F~

hematite
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: hematt
magnetite

magnetite A-site

magnetite B-site

32.6

60.8

IS QS B,

[mm/s] | [mm/s] [T]
0.30 -0.21 | 51.52
0.29 0.00 | 49.16
0.64 0.00 | 45091




Spektralne parametre

" jzomérny posun — IS (d)
" kvadrupolové stiepenie/posun — QS (A)/ €
" hyperjemné magneticke pole — By,
. . v 7 v Noo - Nmin
" intenzita (plocha), Sirka Ciary, efekt: & = N 100 (%)

o0

relativna transmisia

N\ M
u y ' B |
H—DIS—H

—1S IS
0 0
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Hyperjemneé interakcie

. _ elektricka elektricka
interakcia: monopodlova  kvadrupodlova
>’Fe
43/ _“_ ........ "'
14.4 keV
+1/2 Y | 2O

E =Eq(1+v/c)

magneticka
dipdlova

spektrdlny 0
parameter: izomérny posun kvadrupodlové
Stiepenie

hyperjemné pole



Elektricka monopolova interakcia

" interakcia rozlozenia naboja jadra s hustotou elektronov
v priestore jadra (v zdroji a v absorbétore)
o hustota s-elektronov v jadre

" izomérny posun: o ——Ze [R2 Rz] {Pa PS}

o polomerjadra: R, #R,
o hustota elektronov: p, # p,

o pre ¥Fe: (R, — RgZ) <0

zdroj (s) absorbator (a)
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[zomérny posun -

Fe(T) S=3/2 I
- Y ; Fe(I)
urceny s ohladom na W o s
referencny material (bcc-Fe
’ Y ( ) -Fe(II} =2
" jnformacia o:
Fe(1l Fe(Il) S=1
o charaktere vazieb (11) . ;
o spinovom stave (HS, LS) B s
o oxidacnom stave -Fe(III) S=5/2
o elektronegativite ligandov Fe(I1I) I Fe(IIT) S=3/2

Fe(III) S=1/2
Fe(IV) S=2

Y 5 FE(IV) I Fe(IV) S=1
;'(',( IPer:VI} S=1 Fe(V])

-1.0 -0.5 0 0,5 1.0 1,5 2,0

8 /mm s !




Elektricka kvadrupolova interakcia

" interakcia medzijadrovym kvadrupdélovym momentom
a nehomogenitami elektrického pola Vix =Viy
]7 =
VZZ
0<n<1
1 — parameter asymetrie

el
/ [ vy : 1 1
" kvadrupolove stiepenie: A=5-€VZZ(1+§772j 0

o jadrova podmienka: elektricky kvadrupdlovy moment —eQ =0 (I >1/2)

o elektronova podmienka: EFG # 0
* prispevok mriezky

* prispevok od valencnych elektronov VE -
sférické 7, cigarove _ ovalne \\_} ‘//E‘ eQ
0=0 0>0 0<0




Kvadrupolové stiepenie — A

" informacia o:
o lokalnej (molekularnej alebo krystalovej) symetrii
o oxidacnom stave
o charaktere vazieb
o spinovom stave (HS, LS)

L

A



Magneticka dipolova interakcia

" interakcia jadrového magnetického momentu
s vnutornym alebo aplikovanym magnetickym polom

_ pHm,

" magneticka energia: E, = 7 =—g. [ Hm,

" magneticke Stiepenie jadrovych hladin (Zeemanov jav):
o jadrova podmienka: magneticky dipdlovy moment u =0 (1> 0)
o elektronova podmienka: H =0
o vyberové pravidla: AI=+1, Am,;=0, £ 1

gy — jadrovy Landého faktor

Py — jadrovy Bohrov magneton

I — jadrovy spin

m; — magnetické kvantove Cislo

L — jadrovy dipélovy moment

H — intenzita magnetického pola 11




Hyperjemné pole

= povod indukcie hyperjemneho pola
o orbitalny clen: pohyb elektronov (ziadny prispevok z uplne
zaplnenych a polozaplnenych sfér)
o dipolovy clen: magneticky dipolovy moment
o Fermiho kontaktna interakcia: prispevok s-elektronov v priestore
jadra

o prispevok vodivostnych elektronov prostrednictvom vymennej
interakcie

Bhf = Borb t Bdip + Bkon * Bvod

Bef = Bhf + BexT

12



Intenzity ciar sextetu

©=90° 3:4:1:1:4:3
* (Clebsh-Gordanove koeficienty \

prechod Am,; uhlova zavislost
+3/25+1/2 +1  3/4(1 + cos’®)
+1/2>+1/2 0  sin’®
F1/25+1/2 +1  1/4(1 + cos® ®)

li:l5i05 0500 = 3:b:1:1:b:3 3:0:1:1:0:3

b 4.sin> @ M @\
1+cos’ ® V-t
| r

E




Kombinovaneé hyperjemnée interakcie

" magneticke dipolove a elektricke kvadrupdlove
interakcie pOsobia sucasne
o treba pouzit poruchovy pocet
o magneticka interakcia je omnoho silnejéia - eigenvalues:

2 1
E, =—gypyHm; +(— 1)| iz Q (3cos 9—1+nsin’ 9cos2¢)

o elektricka interakcia — z poruchove] te0r1e:

1 :
E, :§eQVZZ -(30052 9—1+nsin’ 90052¢)

I € 3, ¢ — uhly medzi smerom magnetického pola
H a hlavnou osou EFG tenzora V_,

B, € — kvadrupolovy posun




Skladanie spektra

Measurement: -H664
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§ T : Y
sign of : ' ; it channel

velocity— = e T = number 15



Kalibracia spektrometra

= zdroj ziarenia: *’Co v matrici Rh, Pd, Cu, Cr
o izomérny posun ovplyvneny chemickym okolim
Ziarica
" nastavenie rychlosti
o kalibracia rychlostnej stupnice

o kalibracné absorbatory
* bcc-Fe
* a-Fe,O; (hematit)
* sodium nitroprusid

o nastavenie nulovej rychlosti

Isomer Shift
(mmys)

1
AU 0.641.

Ag 0.499-",
Pt 0.344."",
Cu0.227
Pd0.170 .,
RN 0,109 -

MnDﬂd? i
Nb 0.001 -
Fe 0.0 ﬂx‘=
Cr-0.147 -
SNP -0.257~.]
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Kalibracia rychlosti laserom

® Michelsonov interferometer

o AS=2.(L,-L,)

source

\

I

He/Ne Laser

moving mirror |

Mobssbauer
drive

/

:ﬂ# 3

splitter detector

-

T

—

e =

| L1 '

| 1
IV

L,

1

fixed mirror

bl

u(t)
W

17



Uplatnenie Mossbauerovej spektrometrie

= Struktarne informacie (koordinacia, geometria,
stochiometria, substitucia, nekrystalicke systémy - SRO)

" identifikacia faz (magnetické vs. nemagnetické fazy)
= Fe?"/Fe¥

" energetické rozliSenie 1: 103
(atébmové spektra 1 : 10°)

= teplotné a tlakové studie

dynamické procesy:
fazové transformadcie,
oxiddcia, difdzia, atd'.




Extraterestrialne aplikacie

" misie na Mars
o Mars-Express Beagle 2, 2.6.2003, Bajkonur
o Mars Exploration Rover, 10.6.2003 MER-A Spirit

o MER-B Opportunity, 7.7.2003, Cape Canaveral,
Florida

SUM f
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SECO-2 EURM

THIRD STAGE ==
(Far-L) BURN

SEFARATIOMN

EARTH OCCULTATION
ZOME (SOLAR ECL FSE)




MIMOS I1

" Miniaturized MOSsbauer Spectrometer - MIMOS II

o vaha <500g, spotreba energie < 3W, doba pouZiteInosti ~6 mesiacov

First Mossbauer Spectrum Recorded on Martian Surface
Gusev Crater, January 17, 2004

g - @ Fe
— @ Fe?t
% @ Fe**
= 6- 2+ -
g p Feo/Fe  ~06
b 4 { P Olivine
e Fe’*
_-,E ! FE]+
g 2+ ( Silicate )
= T T T T T T T T T

12 9 6 3 0 3 6 9 12

Velocity [mm,/'s]

Kredit: NASA/JPL/Cornell/lUSGS/University of Mainz

20



MER Spirit

Mossbauer Spectrum of El Eapltan Meridiani Planum
Jarosite: (K, Na, I }Fea[SEI ) (OH),

@ Fe'larosite

@ Fe’’phase

@ Fe’'silicate

) Magnetic phases

Intensity

% s
e o g
BT

Credit: NASA/JPL/Gd:Qen/usGS/UnWemnny
\.‘L-i-




Vybrane aplikacie
My First abc Chart ./
" vyber podla abecedy .

ail
]

A B C€C D E =
F ¢ H Ch 1
J K L M N
O P Q R §
Tr U V Y 1
X

pozn: Uvedené su Ien,aplikécie, ktoré boli
realizované na UJFI (KJFT) autorom.

5 umbrella volcano

NN | SN

W -IX=Y .

- worm xylaphone yam z zebra




Archeologia

i dlomky

Y Y Y'Y Y magnetit Fe;O, A poloha

magnetit Fe;O, B poloha

povrchové Utvary

1.20 [ ' T ' T ' T ' f

goethit a-FeOOH

=y

Q

odrazova g
. o 110

geometria 2
lepidokrokit y-FeOOH f
1.00
1.00

transmisna 2

geometria 2
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- Miglierini M et al.: Hyperfine Int. 166 (2005) 651




Biologia

.9 1.000 A -

7)) et = A

2

S

&

© 0.998

g

ks,

® 0.996
velocity (mm/s)
Basal Ganglia

Caudate nucleus
Globus Pallidus

Putamen =
(lateral)

relative transmission

quadrupole splitting (mm/s)

1.000 k

0.998

0.996 | (D) ]
-10 -5 0 5 10

velocity (mm/s)
092 — — T
"t w ferritin 1 Y

0'88;; A ferritin 2 Jv_l g

0.65 |- cﬁi%;

0.60 |- _!?=

0.55 |- * ]
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Miglierini M et al.: Acta Phys.Pol. A 126 (2014) 240
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CEMS/CXMS C

" (°’Fe, Co,),sMo,Cu;B;:s Miglierini M et al.: Hyperfine Int. 205 (2012) 125
x=0 x=0.25
< 1.20 | < 1.08
S S
% 3 1.06
L E L
S 1.10 CEMS 5.,
S g
3 §1.02
2 1.00 et < 1.00 g
104 1.04 |
1.02 1. 1.02 |
CXMS
1.00 1.00 R

velocity (mm/s velocity (mm/s)




Distribucia hyperjemnych poli D

FegoMo,Cu;By,
440°C/1h

relative transmission

-5 0 5 0 10 20 30 40
velocity (mm/s) hyperfine field (T)

26
. Miglierini M, Greneche J-M: Hyperfine Interact 113 (1998) 375




Environmentalne aplikacie

" monitorovanie kvality ovzdusia v urbanistickej zastavbe
o povrchova expozicia Fe-folie (21 dni)

Malé
Karpaty

-
o
(53]

relative emission

1.00 =

velocity (mm/s)
Bratislava

. 1.00-&\ ' v ‘ ' ]
i
% ool i H ; DI : :

|5 6 é R SNCY ; 5

velocity (mm/s) velocity (mm/s) 27
- Miglierini M: Slov. Geolog. Mag. 9 (2003) 115




Fazova transformacia

z s T 5 T
° ~nn 100 600

e S

annealing (° C)

S 3] !
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g K 3 1 =" 1100 -
2 oosp E ooof l ﬁ |
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0.99 é
o o o 2
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2 o9sf
. . 2 T T
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L . I 3 R
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© I I
Miglierini M: 5 ﬁ{
Czech. J. Phys. =~ .| H
55 (2005) 813 S0 50
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Geologia

" ulozisko radioaktivneho odpadu

" pyriticka oxidacia = stabilita
bentonitovej bariery

" Fe2 T pocet suchych-mokrych
cyklov

Osacky M, Sucha V, Miglierini M, Madejova J:
Clay Minerals 47 (2012) 465

relative transmission

1,00
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Hyperjemné polia

HF D=

77 K

FegyMo,Cu;B;, 440°C/1h

300 K

360 K

IJ;;!‘
l'}“w}

T

u‘

i.o

velocity (mm/s) H(T)

30
- Miglierini M, Grenéche J-M, Idzikowski B: Mater Sci Eng A 304-306 (2001) 937




Chémia

relative transmission

1.00 oo

0.98

0.96

1.00 18

0.98

0.96

1.00 &

0.98

0.96

4 2 o0 2
velocity (mm/s)

Ch

" tourmaliny s obsahom Fe

' 1.00 [t
| 0.98}

| 0.96

o opticke vlastnosti

o zihanie 8 hodin v oxidacnej
atmosfére pri znazornenych
teplotach

o Fe?* - Fe3* @ 700 °C

o oxidy Fe @ 900 °C

Bacik P, Ozdin D, Miglierini M et al.:
Phys. Chem. Minerals 38 (2011) 599

31

velocity (mm/s)



Ionova implantacia

© e
— —
o o

isomer shift (mm/s)
: o
&

10

hyperfine field (T)

[@)]

- vzdusna strana
valcova strana

-

80 keV H*

a.qg. 1E14 1E15 1E16 1E17
fluence (H'/cm™)

Miglierini M et al.: Phys. Met. Mettal. 109 (2010) 469

relative emission

as-quenched

velocity (mm/s)



Jadrovy reaktor J

" parogenerator jadrovej elektrarne

PG46

1.00 [+

0.95

relative transmission

0.95

_1Io -I5 0 5 1IO
velocity (mm/s)

33
. Lipka J, Blazek J, Majersky D, Miglierini M et al.: Hyperfine Int. 57 (1990) 1969




Kinetika krystalizacie

C annealed @ 550 °C
100 wewap e

0.98 |

0.96 -
1.00 |-

0.98 -

relative transmission

0.96
1.00 -

0.98 -

0.96 |- -
1.00 |-

0.98 -

0.96 |-
1.00 -

A: Fez35CuiNb3Siy3 5B
B: Fez05CuiNb, 55i1¢Bg
C: Fe7,CuiNb, 55i135By

0.98
0.96 -

0.94 |-

velocity (mm/s)

34
Miglierini M: J. Phys. Condens. Matter 6 (1994) 1431




Laserove oziarenie

po vyrobe zihané @ 600 °C/1h

1.04 8
0 J/icm®

1.02 -

O excimerovy
laser

relative emission
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1.00 Fig3E 7%
104 |

1.02 -

1,00 Biftardin dnl LD
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Miglierini M et al.: J. Phys.: Condens. Matter 13 (2001) 10359




Metalurgia

Si Mn Cr
2,0 0,5 0,3 3,8 2,5 5,1 14,3 11,0
objem povrch
s 80100 4
2 4 e T I~
g 5
%]
5 3
S 2
% , e o 80-100 um'
N __‘63-80 um
50-63 pm
<25 um
0 5 -16-25(3% ‘110
velocity (mm/s) velocity (mm/s) 36

Miglierini M et al.: Hyperfine Int. 190 (2009) 51



Neutronove oziarenie

Fe;Niyg  Cr, M0,SisBis  po priprave po oziareni
o 10¥ n/cm?

relative transmission

Miglierini M: Phys. Rev. B 44 (1991) 7225
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Oxidacia povrchu

L

e

vzdusSna
/ strana

valcova /
strana

CEMS ¢
~200 nm 8
CXMS

~1 000 nm

pnisese é
] Fe81M08culBlo velocity (mm/s)

140 [ 7

130/ 130 .
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110 1.10
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1.08 115
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140

1'00::::

1.00 Fiw paae s
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velocity (mm/s)

38

Miglierini M et al.: Acta Phys.Pol. A 126 (2014) 56



Pociatok krystalizacie

transmisna geometria experiment CEMS

c
e
)
N2
=
o
o
=
=]
L
o
—_

as-quenched as-quenched

FegMo,Cu,B,,

c
9
7
2
£
7}
c
@©
=
°©
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15%

S
1 1 1 E:
3
% 20, . 410°C/1h E DSC
410°C/1h 1 N P R |
40 500 600 700 800

‘ ! ‘ 1 ‘ I ‘ ! ‘ L R temperature (°C)
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Miglierini M et al.: Czech. J. Phys. 51 (2001) 677




Quazikrystaly Q

57
Al Cug,Ge,sMny 2 Feg 5

g
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T. =467 K - magnetické merania ?

T, =30 K - Mossbauerova spektrometria

G0 00 10
velocity (mnvs)
. Nasu S, Miglierini M, Kuwano T: Phys. Rev. B 45 (1992) 12778 40




Radiacné poskodenie D

vzdusna strana valcova strana
S S
k7 3
& &
() ’ ()
2 po priprave 2
2.5x1017
N*/cm?
velocity (mm/s) velocity (mm/s)

Miglierini M, Hasiak M: Phys. Stat. Sol. A 213 (2016) 1138 41




annealing time (min)

Synchrotronove Ziarenie

energeticka

doména

i
™

120

100

casova
doména

[ + @ w
=] o =] =]

o

40 &80 80 100 120 140 160

time (ns)

Miglierini M et al.: Phys. Rev. B 86 (2012) 020202(R)

= kovove sklo Fey,Zr.B;

nemagnetické

W\Wagnetické

20 40 B0 80
time (ns)

100 120 140

160

Hyperfine field [T]

Relative contribution

" jzotermické zihanie @ 743 K

Priad] Bl
e

e
.

a0

45 & 75 90
Time of annealing [min]
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Teplotné merania

feritin:

" A —Tudska slezina

3

" B - konska slezina

relative transmission

10 |- ] \ ,
_ ] ﬂ 4
0.8 | i
0.6 o B -
< [T eN T :
M ey Ty~ 32K _ 100 K
02 _
OO . vI v | ? 7 | | ////I L |
0 20 40 60 80 100 200 300
temperature (K) 300 K
Miglierini M, Lancok A:
Acta Phys Pol A118 (2010) 944
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-10 -5 0 5 10
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Usporiadanost vs. neusporiadanost U

krystalické amorfné hyperjemné parametre
(usporiadané) _AM CR
4
i
A | nemaghetické
— - |l EA . | . :
0 1 2
A (mm/s)
@ AM CR
o . ’
magnetické
B 0 10 20 30
B (T)

Miglierini M, Matug P: Pure Appl Chem (2017) v tlagi a4




Vysokoteplotné merania

" Curieho teplota krystalickej tazy

—
(@)

| -
nc-Feg,Zr,B,
A

==
=S2et el

temperature
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600

400

A
i

temperature ( °C)

200

RT

velocity (mm/s)

45

Miglierini M: J. Optoel. Adv. Mater. 8 (2006) 1651



eXotické aplikacie

Eisen In franzosischem Rotweln

rel. transmission

P. Gutlich




Y-zeolity y

Fe(III) f

3
Fe +oc’r

Fe® ot ﬁr .

vV——— ~ Fe,0;2Fe —~———

NH, ,Na-Y

FeCl
po priprave ~ po redukcii ’
830 K > 1050 K
B

H, @450 °C

Miglierini M et al.:
Czech. J. Phys. 47 (1997) 541

4 2 0 2 4 4 =2 0 2 a4 47
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Zliatiny so zelezom

" hypereutektickd zliatina zeleza

©3%C,3%Cr,12%V
fazova premena fcc — bee E
~500°C
A
451 —e— sextet |
e 4ol O sextetli
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» 1.0r e i<arbiclj
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na. 300 400 500 600 700
T, (°C)

a

1.00 A adasens 2ia "
L e .

<
©
©

I
©
®

o
[{e}
)

0.96
1.00 Apmitae atac._ da

0.99

0.98
0.97

0.96
1.00 (e
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Zhrmutie

Mossbauerova spektrometria:
" vyhody ©

o nedestruktivna technika
o vysoky diagnosticky potencial — _
* usporiadana vs. neusporiadana
Struktara
o extrémna citlivost m @agnetizmu@
priemyselné fyzikalna
. nevyhody ® aplikacie metalurgia

o Siroky rozsah aplikacii
o pouzivaju sa radionuklidy — —
. v biologia medicina
polcas rozpadu

* bezpecnost

Mossbauerova
spektrometria

* aqutorizacia

o vzorky v tuhom stave Kde, kedy a ake usporiadanie identifikujeme.



