Maossbauer Spectroscopy

Rudolf L. Mossbauer
1929 - 2011

1958
Recoilless Nuclear Resonance
Absorption of Gamma-Radiation

= the Mossbauer Effect (during PhD)

1961
Nobel Prize in Physics

The Mdssbauer resonance line is
extremely narrow and allows
hyperfine interactions to be resolved
and evaluated, quadrupole splitting
and an isomer shift
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Mossbauer Active Elements

Conditions for nuclides to be suitable for Méssbauer spectroscopy:

* Excited nuclear state lifetimes 106 -10"11s
Longer (shorter) lifetimes = too narrow (broad) emission and absorption lines, no
effective overlap

* Transition energies 5 - 180 keV
Transition energies > 180 keV = too large recoil, < 5 keV = absorbed in the source and
absorber material

The Mossbauer effect detected in 80 isotopes of 50 elements,
only 20 elements studied in practice Fe, Sn, Sb, Te, |, Au, Ni, Ru, Ir, W, Kr, Xe, rare earth
elements, Np. More than 70 % of publications refer to *’Fe
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Nuclear Parameters
for Selected Mossbauer Isotopes

Linewidth Nuclear spin

I'/(mm s1) ¥ Natural
=2T ., s abundance %

Isotope E./keV

Nuclear decay*

STFe 14.41 0.192 : STCo(EC 270 d)
61Nj 67.40 0.78 ; 61Co(B99 m)
119G 23.87 0.626 : HomSn(IT 50 d)
1218h 37.15 21 /2 25 2mSn(B76 y)
125Te 35.48 5.02 j PI(EC 60d)
127] 57.60 2.54 LnTe (109 d)
1291 2792 0.59 : ' “xte (B33 d)
1498 m 225 1.60 ~12 Eu(EC 106 d)
31Ey 21.6 1.44 BIGA(EC 120 d)
Dy 25.65 037 5/ =0 161TH(B6.9 d)
Pl 73.0 0.60 | ~6 »0s(p31 h)
197Au 77.34 1.87 3/2 197Pt(3-18 h)
27Np 59.54 0.067 512 1 Am(0458 y)

EC = electron capture, —= beta-decay, IT = isomeric transition, a = alpha-decay AN



Nuclear Parameters
for Selected Mossbauer Isotopes

Nuclide Eo (keV) ro(ns) a(%) lg la a on/kbarn On/6ph
8705 9.777 343 1.6 1/2~ 3/2° 264. 194.4 5.84
7Fe 14.4129 141. 2.14 /2= 3/27 818 2464.0 428.58
BlEw 21.5412 14.0 47.8 5/2F  7/2% 280 242.6 29.06
1499 m 22,5015 10.3 13.8 7/2=  5/2% 292 120.1 17.29
119G 23.8793 25.6 8.58 /2 372t 522 1380.5 562.59
15Te 35.4920 2.14 6.99 1/2* 3/2F 14.0 259.0 44.11
121gh 37.1292 4.99 57.3 5/2t  7/2% 11.11 195.4 40.26
12X e 39.5813 1.47 26.4 1/2% 3/2% 12.31 234.7 4724
61N 67.408 7.60 1.19 3/2= 5/27 0139  709.1 7046.
BGe 68.752 2.51 7.76 9/2t  7/2* 0227 3375 2121.
7 Au 77.351 2.76 100. 3/2* 1/2% 436 38.1 56.22
Py 82.407 5.89 37.3 3/2* 1/2* 10.9 15.1 6.20
15Gd 86.546 9.13 14.7 3/2~ 5/2% 0434 3417 304.61
PRu 89.571 28.8 12.7 5/2t  3/2% 1498  81.2 315.04

7, = mean lifetime of exited state, a(%) = natural abundance, a = alpha-decay



Nuclear Decay Scheme
for °’Fe Mossbauer Resonance

S7 0 Radioactive >’Co (halflife 270 d) is
27 270 4 8enerated in a cyclotron and
diffused into Rh

EC
>/Co serves as the gamma
g 57
=5/ radiation source for >’Fe

- 136 keV Mossbauer spectroscopy
15 % 85 % 10 ns, 122 keV  57Fe -2 at.% natural abundance
3/2 14,4 keV, ~ 100 ns 3 o

L— Mossbauer Emission
12 —— 0

57
>e e



Nuclear Resonance Absorption

Energy decay of the absorber nucleus to ground state

Non-resonant Emitted following
/;Compton electrons conversion electrons
/ | photons K 7.3keV

L 13.6 keV
M 14.3 keV

Internal Conversion Electrons
(Line Spectrum)

Auger electrons

KLL 5.4 keV
LMM ~0.6 keV
MMM < 15eV

shake-off electrons

Beta electrons
(continuous spectrum)

Electron Counting Rate

SOURCE

[ 14.4 keV yrays 10 %

ABSORBER

X-rays, various energies Electron Energy



>’Fe MoOssbauer Source

Reference Absorbers

Source holders Type A, A(K), T

Window

- 500 pm Be with 10 pm Al
- 40 pum Al
- 20 pm Kapton

Laser welding

57
Co in 7 um Rh foil

M4

Activity = 10 - 270 mCi, lifetime 10y

1 Ci = 37 GBq

/,l



119mgn Mossbauer Source

119mSn source = CaSnO; matrix with 119mSn

119 -
Activity = 2 - 40 mCi, lifetime 10 y Sn Mossbauer uses the 23.87 keV level

which is populated by the decay of 245 day

| I'-.ISh
38 h
_ Beryllium window
Active part E, keV
Titanium alloy 89.1
Yvelded
M4 or #10 32 UNF
L8 ns 3/2(+)
- 3
{?_.___:; J 23.8
AL (- 1/2(+)
r— Capsuls type 2, 3 "Sn

10 %



Mean Lifetime 1 of Excited State
and Natural Line Width I

An excited state (nuclear or electronic) of mean lifetime t does not have a
sharp energy value, but only a value within the energy range AE

The Heisenberg Uncertainty Principle:
AEAt>h/2

Natural line width I'=h /<t

Transitions from an excited
(e) to the ground state (g)
involve all energies within
the range of AE

The transition probability or
intensity as a function of E =
a spectral line centered
around the most probable
transition energy E,



Transition Probability

Lorentzian formula for spectral line shape The width at half maximum of the

(C/2)

spectral line = natural line width I
determined by the mean lifetime 1

77 I e
(E — E{}) + (F / 2) 57Fe (14.4 keV)
1=1.43107s=143 ns
Ty large — T" small Ty small — I’ large I'=4.6107°eV

Long lifetime = sharp lines

Short lifetime = broad lines

Resonance absorption is observable only if the emission and absorption lines overlap

sufficiently
This is not the case when the lines are too narrow or too broad

Suitable for MOssbauer spectroscopy: lifetime =106 —107s S,



Recoil Effect

>’Fe (14.4 keV) E2
[=4.610%eV y

Recoil energy E;=2 x 1073 eV

Much larger (5-6 orders of magnitude) than the natural line width
= no resonance possible between free atoms

\ / 7%
\ 1- ||
— & | - e a D
0
Z = \\‘-\_
Source Sample Er
- P Free atoms Aloms in a lallu.e

at low temperature

The Mossbauer effect cannot be observed for freely moving
atoms or molecules, i.e. in gaseous or liquid state

15



Recoilless Emission and Absorption

Solid state, crystalline or non-crystalline = atoms tightly bound in the lattice
Unshifted transition lines overlap = nuclear resonance absorption observed

E2
E.=—-7 >
2mc
Large mass M of a solid particle as compared to an atom = the linear momentum
created by emission and absorption of a gamma quantum practically vanishes

The recoil energy is mostly transferred to the lattice vibrational system
The vibrational energy of the lattice can only change by discrete amounts 0, +hw,
+2ho, ...

The probability that no lattice excitation (zero-phonon processes) takes place during y-
emission or absorption = f (Debye-Waller or Lamb-Mo6ssbauer factor)

f denotes the fraction of nuclear transitions which occur without recoil
Only for this fraction is the Mdssbauer effect observable



Debye-Waller or Lamb-Mossbauer Factor

Recoil-less fraction f increases with:

* decreasing recoil energy E;

e decreasing temperature T

* increasing Debye temperature 0, = hwy/2mk,

wp = vibrational frequency of Debye oscillator, k; = Boltzmann factor

B, = a measure for the strength of the bonds between the Mdssbauer atom and
the lattice

Stronly bound atoms = larger 6, = less recoil

15 N



Mossbauer Experiment

E r'\.
A
Ty T o A /\ The resonance perturbed by electric and
- magnetic hyperfine interactions between
% the nuclei and electric and magnetic fields
EE o e o = set up by electrons
=
; T—t-—~~~=-- Hyperfine interactions shift and split
o : . degenerate nuclear levels resulting in

-V 0 +v several transition lines
Doppler-Velocity

The Mossbauer source emits a single transition line E (assume the absorber shows also
only one transition line A)

E and A have slightly modified transition energies, perturbation energies 1078 eV
comparable to the natural linewidth, shifts the transition lines away from each other
such that the overlap decreases or disappears entirely

Overlap restored by the Doppler effect, i.e. by moving the absorber and the source
relative to each other



Mossbauer Experiment

Source Absorber Detector
(e.g. "Co/Rh) (*"Fe-comp.)

Source and absorber are moved relative to each other

I
Doppler velocity V=C—

E

v
’Fe: I=4.7107 eV, E, = 14.41 keV, c = speed of light
v=0.096 mm s

A velocity of 10 mm s~! provides an energy shift
AE=4.8x10"7eV

AE="E
C N



Mossbauer Experiment

N
=)=

A
i

E Vs observed

rErEE

The source is moved at Doppler velocity v
This shifts the center of the emission
spectrum (brown) from smaller to larger
energies, relative to the center of the
absorption spectrum (red ), whose center, the
quantized transition energy, is fixed

The level of the transmission spectrum (bl/ue)
at each value of velocity, v, is determined by
how much the shifted emission spectrum
overlaps the absorption spectrum

A greater overlap results in reduced
transmission owing to resonant absorption

The evolution of the transmission spectrum
from large negative (source moving

away from absorber) to large positive values
of velocity is shown from the top to the
bottom rows



Mossbauer Experiment -
4.2 K b.p. of liquid He

Controls the electro- o TTTmTm T T ! 1.5 K by pump|ng on the
mechanical vibrator

1 |
i i liquid He vessel
1 |
Servo . : .
T i B Vibrator ZT?‘. : Y | Detector
‘ i I Source : Transmission
Reference | + Monitored i E 4 intensity
Constant. signal _ signal ] Absorber:
acceleration l I
i Cryostat |
r Waveform L TYORS, Oven | Pulse
‘ g generator | The difference between the amplifier
monitored signal and the reference
Constant signal drives the vibrator at the *
velocity same frequency (typically 50 Hz)
Non-resonant
annstant Multichannel ) Siserimintor bac.kground
requency Address analyser rafjlatlon
EE control rejected
Synchronises a triangular Data output L - Several hundred channels
voltage waveform yielding a (display, synchronised with the
. . magnetic tape, .
linear Doppler velocity scale as vibrator
etc.)
the channel address advances 8




Correlation of Count Rate with Channel
Number and Relative Velocity

48000

46000 & % F

:

Count rate
FSN
g

40000 A

38000

Vmax

T T 1
100 200 300
Channel no.

400

+ V4
1016 200 300
(b) \/

Mossbauer spectrum of metallic Fe

The count rate is plotted as function of the
channel number

Doppler velocity as a function of the channel
number



o Transmission

atom

Hyperfine Interactions
between Nuclei and Electrons

Mossbauer Parameters = Chemical infomation from electrons

oxidation state, coordination, spin state HS/LS, magnetic ordering, ligands...

—Electric Monopole Interaction = Isomer Shift 0
—Electric Quadrupole Interaction = Quadrupole Splitting AE,
—Magnetic Dipole Interaction = Magnetic Splitting AE,,

/’,_-_Mh V! 4 ) YATA |;‘1' YA e A —
I| | II | i T —— —
I | | [ | I| | | excibod - | et 1
I| || || | | | | | 111 | | i —— .
— —
f s
IS, L S v , '
1= L | |
; r grounsd sial L B | ———
0 0 0 B eV
Relauve Velocity —
i - & (e)
12 3,2 1} . 1.2 \al it adrupole )
) - F {: + + e un pertarbesd isomeer shifi 1“';'““':“ 5 tic dapole
- ——t— 112 o — T :
™,
| 5T 32 T T T T
: i A
g \ | g /] ABRYAY f-"l.m"
. n SEIE | I : i i
| i | g - E : = HE :
Free 15 Is Hyparfine Solitting & Al ,‘.._..‘ v H &
Mo 05 With Q38 vperhine splitling 1 — I| 1
L1} 1 ] [}
Veloc TE Velocity Vieloo E Velocity (energy )
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Hyperfine Interactions

Electric monopole interaction (Coulombic)

between protons of the nucleus and s-electrons penetrating the nuclear field
Different shifts of nuclear levels E and A

Isomer shift values give information on the oxidation state, spin state, and bonding
properties, such as covalency and electronegativity

Electric quadrupole interaction

between the nuclear quadrupole moment (eQ # 0, / > 72) and an inhomogeneous electric
field at the nucleus (EFG # 0)

Nuclear states split into / + 72 substates

The guadrupole splitting gives the information on oxidation and spin state, site symmetry

Magnetic dipole interaction

between the nuclear magnetic dipole moment (1 # 0, / > 0) and a magnetic field (H # 0)
at the nucleus

Nuclear states split into 2/ + 1 substates with m =+/, +/ -1, ...., -/

The magnetic splitting gives information on the magnetic properties of the material
under study - ferromagnetism, antiferromagnetism



Isomer Shift o

Bare nucleus _1_ _
Ey-Eq=58 :

The nuclear radius in the excited state is different (in >’Fe smaller) than that in
the ground state: R # Rg

The electronic densities of all s-electrons (1s, 2s, 3s, etc.) are different at the
nuclei of the source and the absorber: Pg # Pp p= |\|I(0) | -

The result is that the electric monopole interactions (Coulomb interactions)
are different in the source and the absorber and therefore affect the nuclear
ground and excited state levels to a different extent - this leads to the
measured isomer shift 6



Isomer Shift o

6=E,—Es=C(py—ps)(R*—R,?)

C = (2/3)nzZe?

p=ly(0)]

The energy levels of the ground and
excited states of a bare nucleus Ejare
perturbed and shifted by electric
monopole interactions - Coulombic
interactions

The shifts in the ground and excited states
differ = different nuclear radii and
different electron densities in the source
and absorber material

The individual energy differences Ec and E,
cannot be measured

A Mossbauer experiment measures only

the difference of the transition energies
6 = E,— E, isomer shift

24 N



Isomer Shift o

The isomer shift depends directly on the s-electron densities and is influenced
indirectly via shielding by p-, d-, and f-electrons which are not capable of
penetrating the nuclear field

60 =C {{¥(0)[,* - [¥(0)s*}(R* - R,?)

C = (2/3)nze?

Influence on the s-electron densities at the nucleus |W(0)|2 (r=0)

Direct = change of electron population in s-orbitals (mainly valence s-orbitals)
changes directly |W(0)|?

Indirect = shielding by p-, d-, f-electrons, increase of electron density in p-, d-, f-
orbitals increases shielding effect for s-electrons from the nuclear charge
—> s-electron cloud expands, |W(0)|2at nucleus decreases

25 N



Isomer Shift o

0 =C {|¥(0)[,* - [¥(O)Is*} (R - R,

The more electronegative the ligands the lower the electron density of the
nucleus under observation (A) and consequently the isomer shift changes

The direction of change depends on the quantity (Rez—Rgz)

The difference of nuclear radii in the excited and ground state
The change in the mean-square radius of the nucleus

(ReZ—RgZ) <0 theisomer shift increases with increasing ligand electronegativity

(ReZ—RgZ) >0 the isomer shift decreases with increasing ligand electronegativity

200 N



Isomer Shift in 11°Sh Mdssbauer Spectra

0 =C {|¥(0)|* - [P(O)s*}(R* - Rgz)
oo T o Tcompena T o

(Re*—R;%) >0

+3.3 1073 fm? 036
The nuclear radius in Sn02 0.0
the excited state is SnCl, 0.85
larger than that in SnBr, 1.15
the ground stat

© BTOfiNG State snl, 1.55

SnPh, 1.22
SnH, 1.27

Sn (gray)
Sn (white)

SnO
SnSO,
SnF,
SnCl,
SnBr,

2.02
2.50
2.71
3.90
3.2

4.07
3.93

Sno

—

5s2 5p?

Sn(IV) 6 < 2.00 mm s~!electron config. 5s° 5p°— lower el. density at nucleus than

neutral Sn® atom = negative shift

Sn(Il) & > 2.50 mm s~ electron config. 5s% 5p° — higher el. density at nucleus than

neutral Sn atom as no 5p shielding = positive shift

27 N



Isomer Shift in 11°Snh Mossbauer Spectra

CSLSECE 0 = C {[¥(0)[,* - [P(0)s*} (R - R,7)

| so.f 2 S1Ck
. L Sn(ll) S ¢/ snF0)
Sn (white) + e $n.8,(2)

SnS

-@‘;Asa The isomer shift
P .
A decreases with

0= 2.50 mm st -
\Q

Sn (gray)

0= 2.02 mm st — decreasing value of
é @S the valence electron
E density at the
Z=)

nucleus p,(0)

Sn0O,
Sn,F (1)

sn0, IEEEEEEEEE) |
0= 0mms1 i
Sn.F (1)

_[ 1 1 ] i L i 1 i L i 1 L 1 i

30 40 50 60 70 80 90 100

p.(0)(a,”)

28



Isomer Shift in 11°Snh Mdssbauer Spectra

6 = C{{¥(0),* - [¥(0)s*} (R - R,7)

(R*—R;%) >0

Sn (gray) - I

0= 0mms1

1S0OMER SHIFT {mm /e

b S- A

_|c|_

=20 =

2.5

- 3.0

]
o0

| 1 1
0 +D.2 *0.3
ESTIMATED CHARGE ON TIN

Sn(1V)

The isomer shift
decreases with
increasing ligand
electronegativity

and increasing positive
charge at the Sn nucleus

25' »



Isomer Shift in 11°Snh Mdssbauer Spectra

TRANSMITTANCE

Dihalophthalocyaninotin(IV)

X=F OH,Cl, Br, |

Pc3nCl,

VELOCITY IN MM/SEC

Isomer Shift (mm/sec)

-1.00 Sn (gray)
0= 0mmst
-1.10—
PcSnX, complexes
=1.20~
-1.30~
-140-~
- 1.50—
I B&Cl OH F
1 Ll 1
1 1 J
2 3 4

Electronegativity

The isomer shift decreases
with increasing ligand
electronegativity 30° ©



Isomer Shift in 11°Sn Mossbauer Spectra

100 |
Sn (white - metal)

2.50

A large difference

between Moessbauer- 00 -
Lamb factors at room

temperature increases
the sensitivity of gray-

Sn (0.16) over white-Sn

Relative transmission [%]
g
(=]
.

oo
oo

<3

(0.04) 100
Sn (gray - semi)

98 ?
v

8 6 -4 2 0 2
v [mm/s]

Materials Chemistry and Physics 182 (2016) 10

white — gray
transition in Sn

A large volume expansion
(26.3%)

Coordination 6(4+2) — 4

Reduced s-electron
densities at Sn - the lower
electron density
corresponds to smaller
value of isomer shift




Electron Densities at the °’Fe Nucleus

Electrons per
cubic Bohr 348 3d7 3d® 3d° 3d6452
radius Fet Felt Fe3t free atom

1 15(0) 12 5378.005 5377.973 5377.840 5377.625 5377.873

|W2s(0) 12 493953 493.873 493.796 493.793  493.968
lYal0) 12 —— 67.524 67.764 68.274 69.433 68.028 ]
| Y44(0) |2 3.042

11878.9 11879.2 11879.8 11881.7 11885.8

[1] Watson, R. E.(1960) Phys. Rev., 118, 1036.
[2] Watson, R. E.(1960) Phys. Rev., 119, 1934.

~ s-electron density increases

The partial electron densities refer to one electron each in 1s, 2s, 3s, 4s-orbitals

The total s-electron density at r = 0 is twice the sum of the partial one-electron
contributions (all s-orbitals are doubly occupied)

327 N



Isomer Shifts 6 of Fe Compounds

Fe(I) S=3/2 I

reld B 0512
Fe(II) S=2
Fe(ll) B Fean s-1
B - s-o
B0 552
Fe(Ill) | J reams=»
Fe(IIT) S=1/2
Fe(IV) S=2
LMY B reav) s
lIPele’I) | ~ Fe(VI)
| | | |
10 -05 0 05 10 15 20

(X-Fe 6 f]:-_nrn g -1

The most positive isomer shift occurs for Fe(l)
with spin S =3/2

The seven d-electrons exert a very strong
shielding of the s-electrons, this reduces the s-
electron density p, giving a strongly negative
quantity (p,— ps), as (R.2—R.?) <0 for >’Fe, the
isomer shift becomes strongly positive

Fe(ll) HS with S = 2 can be easily assigned

Fe(ll), Fe(lll), Fe(lV) - overlapping & values -
ambiguous assignment, need to consider the
quadrupole splitting parameter

Strongly negative for Fe(VI) with spinS=1
There are only two d-electrons, the shielding
effect for s-electrons is very weak and the s-
electron density p, at the nucleus becomes b’z

35



§/mm s

Effect of Ligand Electronegativity

6 = C {{¥(0),* - [¥(0)s*} (R - R,?)

T T T
B FeSfFG ’ GHzo _
1.4 'Fer
Fe(ll) HS, CN =6
® FeCl,  4H,0
®FeCl, 21,0
@
FeCl,
. FEBPI
e
Fel
10} 2 .
< ¢ I 1 L
s 2 3 4

Pauling electronegativity

The electronegativity increases from | to F

In the same ordering the s-electron
density at the iron nucleus p, decreases

Making (p,— ps) more negative
(Re>—R;?) <0 for>"Fe

The isomer shift increases from iodide to
fluoride

34 N



Second-Order Doppler Shift

The isomer shifts §, i.e., the resonance peak shifts observed in Mossbauer
spectra, are composed of two terms:

& =6+ 60p(T)
The first term is the chemical isomer shift 6. which is temperature-independent

The second term is the second-order Doppler shift 6,
Since 6,y is T-dependent, the observed isomer shift & is also T-dependent

The second-order Doppler shift &, is related to the mean-square velocity < v2>
of lattice vibrations in the direction of the y-ray propagation, which increases
with increasing T

Accordingly, the Mossbauer resonance moves to a more negative velocity with

increasing T : 5
V')
Osop =



Electric Quadrupole Interaction

Quadrupole Splitting AE, 57 Fe
EFG VE _
A Ty
Fam +3/2

AEQ Quadrupole Splitting

A,
I

Quadrupole

Moment eQ T — L i1/2

Nuclear states with
1>1/2

Nuclear states split into / + 72 substates



Electric Quadrupole Interaction

Electric quadrupole interaction occurs if at least one of

the nuclear states

involved possesses a quadrupole moment eQ (for / > 1/2) and if the electric field
at the nucleus is inhomogeneous (electric field gradient EFG)

>’Fe: the first excited state (14.4 keV) has a spin I = 3/2 and therefore also an

electric quadrupole moment eQ

EFG is zero in cubic symmetry VE EA m;
EFG is non-zero in: X[ 1372
* non-cubic valence electron distribution \- ﬂ/} eQ I:_;/Q_ ATE

* non-cubic lattice site symmetry ' _l_ Q
The precession of the quadrupole moment ”
vector about the field gradient axis [=1/2 II +1/2
Quadrupole Splitting AE, of the degenerate

I =3/2 level into 2 substates with magnetic The ground state I = %

spin quantum numbers m, = +3/2 and £1/2 -

Selection rule: Am, =0, =1 '

no quadrupole moment
unsplit (/+%=1)
twofold degenerate



I(v)

Electric Quadrupole Interaction

Quadrupole Splitting AE,

AEq

4121 —1)

V,, component of EFG

Selection rule: Am, =0, 1
>’Fe - 2 transitions allowed

The energy difference between the two
substates AE is observed in the
spectrum as the separation between
the two resonance lines

)

[Smrf —I(I+1) 1+%

[

n - asymmetry parameter

38 N



Electric Quadrupole Interaction

Quadrupole Splitting AE, Selection rule: Am, =0, +1

Nuclear states split into / + % substates

129|

73Ge

A 2 678 ... _ _ 5
E A 37 ox = g
\ m;: +—= 2
-y 2 =5/ l.=7/2 — 4levels
— — 345 S
‘ m=z iEQ ) 19W‘ " i§ ________
1772 A 3 -
___________ Y m=+1 ________
A ==%
’Lt’::;
==l ,‘L,f’
m;= :t% --------
1 7 -
h=3 1 =3/ My= £ —-amena I, = 9/2 — 5 levels
= _ m,: :‘I:E —é;‘ 3 g
~ m!= j:? ________
— 1
velocity velocity my=£5 -
-v 0+v -V 0 +V 2'M0
| A ? lines
> 7
4
1 2 13
2




Electric Field Gradient (EFG)

A point charge g at a distance r = (x>+ y?+ z2)”* from the nucleus causes a potential
V(r) = g/r at the nucleus

The electric field E at the nucleus is the negative gradient of the potential, =VV,
and the electric field gradient EFG is given by:

Vij = (GZV/OpJ) (II j/ k =X, yl Z)

3 x 3 second rank EFG tensor

Only five V;;components are independent, because:
e symmetric form of the tensor, i.e., V=V,
e Laplace: traceless tensor

Principal axes system: |V, |2 |V,,[ 2|V, |

e Non-axial symmetry — the asymmetry parametern: 0<n<1
11 = (Vxx_vyy)/ sz

e Axial symmetry (tetragonal, trigonal) - the EFG is given only by the
tensor componentV,,, V,,=V,, 2> n=0 40" N



Electric Field Gradient (EFG)

Two parameters required to describe Quadrupole Interaction: V,, + 1

Two kinds of contributions to the EFG: (EFG),,., = (EFG),, + (EFG), .
or in the principal axes system and n =0: (V,,)iota1 = (Vs vat ¥ (Vyo)iat

e The lattice contribution (V,,),,. = non-cubic arrangement of the next
nearest neighbors

e The valence contribution (V,,), ., = anisotropic (noncubic) electron
population in the orbitals

Energy levels

E(Lm)=—"= [sm? ~1(1+1)] 14

41(21 -1) 3

417 N



Electric Field Gradient (EFG)

For 5’Fe with |, = 3/2, I, = 1/2
in axially symmetric systems, n=0

AEo = Eq(3/2, £3/2) — E4 (3/2, £1/2) = eQV,,/2

A

_. eQV . > | n’
E([,m)y=——=—"3m;, —[{([+])| 1+—
oLy = = bt =1« )[ : ]
Energy levels Ey(/, m)) VE B
Eq (3/2, £3/2) =eQV,,/4 forl=3/2, m=+£3/2 "ﬁé /}‘ eQ
Eq (3/2, £1/2) = —eQV,,/4 forl=3/2, m = +1/2 m
The quadrupole splitting energy AE,

I=1/2

Ui
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[Fe(H,0).](ClO,),

[Fe(H,0)]>* Fe(lll)-HS, S = 5/2

[MLG] (Oh) EI:Glat =0
°A, EFG,,= 0

Very small quadrupole splitting, below linewidth

>’Fe Mossbauer Spectrum

100.00 -

Transmittance/%

96.84 4

lllllllllll



FeSO,*7H,0
[Fe(H,0)c]** Fe(ll)-HS, S =2

>’Fe Mossbauer Spectrum

m Q\(‘;t
[,

i
f

[
o

compressed elongated

=
©

Jahn-Teller-Distortion

el. Transmission

|xz> lyz>

.
—4.5 (¢] 4.5

Quadrupole splitting

EFG,,, =0 =0
EFG,,, #0 =0
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K,;[Fe(CN),]

Fe(ll)-LS, S = 0 cubic

>’Fe Mossbauer Spectrum

rel. Transmission
o (=
© o
! |

O
!

L e
o

0 4.5
v [mms™']

No quadrupole splitting

[MLG] (Oh) EFG,, =0

EFG,, =0
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+0.08(1)
N4

Na,[Fe(CN).(NO)] ..

P 1

Nitroprusside — © o)
- N3A®/!:"" \@
Fe(ll)-LS, S = 0 tetragonal
Fe(ll) + NO* e
‘22> or 57 .
Fe(lll) + NO | Fe Mossbau}er Spectrum
or
x2-y2> Fe(IV) + NO~-

rel. '
-—y,

I'ransmission

(®] —

© o

J
s

1 1

=

—- 4.5

Unusually large AE, and very negative 6V [mms™]

for Fe(ll) LS (—0.165 mm/s)

More like Fe(IV)

NO withdraws electron density from d,,

and d,, (n-bonding dp) to its

antibonding m-orbitals 46 N



>’Fe M6ssbauer Spectra Interpretation

Isomer Shifts and Quadrupole Splitting

A —u

) [ElFe*
E Al BlFe2*
é [S]Fe3+

%D [“Fe2+

= L3

e

= 5L [ pe3" o

% L9 Fe(I11) [IFe

S

o

Q. [SIFe2*
=

S 1 -

©

5 y

of [FTFe(11) " '

€
0
-0.5 0.0 0.5 1.0 1.5

Isomer shift (mm/s)

Fe(l1)-LS the quadrupole splittings are rather small (0 to 0.8 mm/s)
Fe(ll1)-LS quadrupole splittings are larger (0.7 to 1.7 mm/s)



Quadrupole Splitting AE,
in 119Sn Mossbauer Spectra

Sn(IV) Halides

Snl, \/_ cl Br
I |

i
SnBr, \f— C Br
F F F F
| F PR R
SnCI4 -- i:_F_;ST_FF . F_/ST_FF_;S?_F___ .
psh E LA E L E L
sr, oL KL LT
"a F F F F
- F_Z_
Na,SnF, i SI i
—snZ—
7 ML.] (O
T T T T T T 1 F||: [ML] (O)
-1 0 1 2 _ i




Quadrupole Splitting AE,
in 119Sn Mossbauer Spectra

2.5 | : y £-171-95
27 o
20 _ SnF4\. ) " s B'SnF2 —
» 15[ 2 ’Q\a-San .
: PN
£ SnS - “SnO

10F  gnol, e i
AEQ 3n02 \} 9\ ‘\Sn283(11)




Magnetic Dipole Interaction

Hyperfine interactions

s-electron EFG Magnetic field
densities Quadrupole  Magnetic dipole
+a/2
—_— 13 112
Excited state 3/2 .~~~ 1112 -112
-3/2
>’Fe
Wy L,
Sround state 1/2 __,,._.._Y_---.._ | Ld
| | L1 Y
Nucleus in Isomer Electric Magnetic
‘free atom’ shift guadrupole hyperfine

splitting splitting



Magnetic Dipole Interaction
Magnetic Field Splitting AE,,

The requirements for magnetic dipole interaction
- the nuclear states involved possess a magnetic dipole moment u (/> %)
- amagnetic field H is present at the nucleus (ferro-, ferri-, or antiferromagnetic)

Al =1, Am; =0, +

Magnetic dipole interaction = the precession of the magnetic dipole moment vector
about the axis of the magnetic field

Nuclear Zeeman splitting of the states /, m, into 21 + 1 substates (from -/ to +/)

51



Magnetic Dipole Interaction

I= 312 1 I

Selection rules
Al=%11,Am, =0, 1

®

Dl
O (@)
©@

57Fe S I= 12

\%
The energies of the sublevels :

Em(im) =—pHm,/1=-gyByHm,
gy = the nuclear Landé factor, 3 = the nuclear Bohr magneton

The separation between the lines 2 and 4 (also between 3 and 5) refers to the
magnetic dipole splitting of the ground state

The separation between lines 5 and 6 (also between 1 and 2, 2 and 3, 4 and 5) refe ;
to the magnetic dipole splitting of the excited / = 3/2 state



Internal Magnetic Field

A hyperfine magnetic field H. . (r = 0) at the nucleus can originate in various ways:

int

H .=H_ +H,+Hy, +Hg, + H, =total internal magnetic field

Dip

Lattice magnetization H_,
the magnetic field from the lattice magnetization (3d electrons), M, H,_, = 4anM/3

Fermi Contact Interaction H,.

the interaction of a nucleus and an unpaired electron density

Electron spin S of valence 3d-shell (e.g., S = 5/2 of Fe3*) polarizes the 1s and 2s-
electron density at the nucleus: core polarisation

s-electron spin density |W(0){ |2 > |W(0)T |2 magnetic field H.. %0

Spin dipolar interaction H,,

The magnetic moment of the electron spin at neighbouring atoms gives rise to dipolar
interaction with the nucleus and causes a field atr=0

Vanishes in cubic symmetry



Internal Magnetic Field

Orbital dipolar interaction H,
Electrons with orbital moment L # O give rise to an orbital magnetic moment

accompanied by a magnetic field H, = =2 pg <r=3> <L>

<L>: expectation value of orbital angular momentum

Externally applied field H_,,

By applying an external magnetic field of known magnitude and
direction one can determine the size and the direction of the intrinsic
magnetic field of the material under investigation



Combined Magnetic Dipole and Electric
Quadrupole Interactions

(a) (b) (c) (d)
AE B=0 BllzV,,=0 V,, >0 m,
¥
® .- =17 Y +3/2
l" AE% O T (1Q)
‘ > E
A Y@ @ L
I=32 . < ol e )
- e AT o __
(e) \ -0 | @
57 (e) \ o 172
Fe (? -3/2
- A A A o
Y35 AR’ o
I,J
=12 ary
DD ®

k.
»

Relative Transmission

Eyomp)=—gyfuHm, +(=D)""2(eQV, /8)(3c0s” $ —1)



Combined Magnetic Dipole and Electric
Quadrupole Interactions

Magnetic dipole interaction and electric quadrupole interaction may be present
in @ material simultaneously (together with the electric monopole interaction
which is always present)

Relatively weak quadrupole interaction

The nuclear sublevels /,m, arising from magnetic dipole splitting are additionally
shifted by the quadrupole interaction energies Eq(/,m))

The sublevels of the excited / = 3/2 state are no longer equally spaced, the shifts
by E, are upwards or downwards depending on the direction of the EFG

This enables one to determine the sign of the quadrupole splitting parameter AE,

The quadrupole shift parameter € depends on the canting angle ¢ of the spins
with respect to the electric field gradient (EQ) axis [111]

& = AEy(3 cos? ¢ - 1)/2 and thus yields values with opposite sign for AF (¢ = 0°)
and WF (@ = 90°) states



>’Fe Mossbauer Spectra

s7pe  APPearance of Mossbauer spectra

Depending on the local environments of the Fe atoms and the magnetic
properties, Moéssbauer spectra of iron oxides can consist of a singlet, a

WY

Al |

T -
Quadrupole splitting

Magnetic hyperfine field

Isomer shift

o1
¢

«— By —

Symmetric charge ~ Asymmetric charge  Symmetric or asymmetric charge
No magnetic field ~ No magnetic field  Magnetic field (internal or external)



Fe,;(CO),,

Possible Structures from X—Ray Diffraction

(Erickson, Fairhall 1965)
®fc

W O CO
TR

: ‘/. \\i :
O & o
: i < ead
E “‘h\.. A ‘v":.
£ 390 : s
g ., ;&.ﬁ?‘. :
U - . ‘ ‘t
3-80} ¥ 3 |
1 1 1 i
-1-0 -0'5 0 +0°5 412

Velocity /(mm s~') relative to iron




[Fe;(n3-0)(OAc)s(H,0);]

Variable-temperature >’Fe Mdssbauer spectra "
| S
h |
225 K 290 K !
200 K 280 K . e '
LY

s| 170K Tﬁ . \

(7] L

g

130 K jﬁ g-ﬁ.

ERER
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[Fe;(n3-0)(OAc)s(3-Et-py);]eS

Variable-temperature >’Fe Mdssbauer spectra

PERCENT EFFECT

B PR R R

L

PR T |

—2 ]
VELOCITY (mm/sec}

2

CH,CCl, - valence-trapped at low
temperature, the ratio of the
area fractions of Fe(lll) to Fe(ll) is
close to 2 at low temperatures

Increasing temperature leads to
valence detrapping near room
temperature



[Fe;(u3-0)(OAc)s(3-Et-py);]eS

Variable-temperature >’Fe Mossbauer spectra

S = CH,

CH, - valence-
trapped from 120
to 298 K on the
Mossbauer time
scale (given by the
lifetime of the
nuclear excited
state)

PERCENT EFFECT

CH,

CN

L L L

R

L o 1

-2

0 2

VELOCITY(mm/sec)

CH,CN - increasing temperature leads
to valence detrapping near room
temperature

The lattice packing controls valence
de/trapping

CcH¢ - a stack type structure with
strong intermolecular interactions
due to overlapping py ligands, = (N
and CH,CCl, are layered



— Impulse [.103]

y-Radiolysis of
FeSO,- 7H,0 (300 K)

°’Fe Méssbauer spectra

H,0 mwwwws He ++OH
Fe''(H,0),(«0H)*" —

- [Ff“}u[(HzO)i OHJJ

e)
0
Basisches

560 AT
mEl:e(HBO)S 0O H] 2+
ORI TSR SR (S (L e (et ) (3l

Eisen(lil}sulfat
3% 30 25 20 15 10 0% 0 -05 -10 =15
— = Dopplergeschwindigkeit v[mm/sec]




Rel. Transmission (%)

Fe Corrosion Products

100.04

Corrosion of a-lron

.2 in H,0/SO, atmosphere at 300 K
Corrosion product is B-FeOOH
.1 >/Fe Mossbauer spectra
®.0] Fe304 | | ' ' 205 K > B-FeOOH
100.04 ‘. | 80K

v-Fe,0;
%.01 ' 120 dﬂys [},'FGOOH. . . . . | . 80 K

.0 0 5 0 5 10 -10 5 0 5 10
2.0 B FeOOH f= v /mms v /mms
20,04 N7

88,01 e VELOCITY 1n MMW/SEC
2 -8 EH 0 H 8 12
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Iron(lll) Oxides

>’Fe Mossbauer spectral parameters

iron(I11) 65{'1{[(3 pha-se_ t_emperature [K] Fe site [Sge [mmV/s] QS/eq [mm/s] B [T]
_ 300 0.37 021 51.7
-Fe05 - Hematite 42 0.47 0.40 53.2

300 d 0.37 0.69 -

l 0.37 0.90 -
B-Fe,0; 15 d 0.50 0.23 47.9
l 0.47 0.77 50.6
300 A 0.27 0 488
. B 0.41 0 499
¥Fe:0: - Maghemite 42 A 0.34 0 48.1
B 0.49 0 51.0
300 Fe, 0.37 0.19 450
Fe, 0.39 0.06 452
e-Fe,05 Fe, 0.38 0 30.5
Fe, 0.21 0.07 26.3

300 0.34 0.78

amorphous-Fe,0, 25 0.47 0.03 46.8

ISg. — 1somer shift related to metallic iron, QS — quadrupole splitting for doublet spectrum, £ — quadrupole shift
for sextet spectrum. B — hyperfine magnetic field
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Iron(lll) Oxides

>’Fe Mossbauer spectra

D Hematite
o-Fe, 0,
(corundum)

)

At T < 260 K - antiferromagnetic (AF) with the spins
oriented along the electric field gradient axis

transmission
v e an .-ur}

- o s . ow w o
winde o, P

At Morin temperature (T,,), around 260 K, a

_ reorientation of spins by about 90°, the spins

& become slightly canted to each other (by 5°),

: causing the destabilization of their perfect
antiparallel arrangement = weak (parasitic)
ferromagnetism (WF) between Morin and Neel
temperature (Ty)

12 -1 -8 6 4 2 0 2 4 6 8 100 12
velocity [mnvs]

Above the Neel temperature of 950 K, hematite

o-Fe,0; measured at 260 K near _ ) . . |
loses its magnetic ordering and is paramagnetic

Morin transition temperature



Iron(lll) Oxides

_ 2 rl i L 1 D| lllllllllll I
VELOCITY(mm/s)

Maossbauer spectrum of a well-
crystallized y-Fe,05 at 4 K in an
external fieldof 6 T

Lransmission

Maghemite y-Fe,0,
(spinel)

ferrimagnetic

RYATAR'ATAYE

[ N
Y L R
18 I'il.=' ’ T
P f-'.H'-'
% '-..H ﬁ ,‘.*." m ﬁ"ﬁ, #
. I'i |.iI .l?f
80 I\" -"f ¥ ¥ "'"

Wy K b
300 K f

- 8 6 4 -2 0 2 4 & 8§10

velocity [mm/s]

IS
ATH N
// J— [ - i
\}_T,';‘ ye
\_ ! y
. 0".vnc:mcles
© Fe*-Asite
O P -Bite
Cation-deficient

inverse spinel structure
(F63+) [:Fei ' 13]B O,.

(Fe? )A [(Fei;; %53 )F 613; ]B O;,,
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Iron in French Red Wine

1 000 =il

0.989%

rel. transmission

0.998 -

“
--
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Dictionary of Used Terms

Recoil — zpétny raz
Halflife — polocas rozpadu
Orbital angular momentum — orbitalni moment hybnosti



