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Outlook:

I. The Mossbauer effect.

ll. Nuclear forward scattering. Comparison with
the classical Mossbauer spectroscopy.

lll. Nuclear inelastic scattering.
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The Mossbauer effect:
Nuclear resonant recoilless absorption/emission of y— rays.

Nucleus of ’Fe:

E,= 14.413 keV

T=141.1 ns; I'=4.66 neV:
Resolving power E, /I" = ~1x10"?

Ee A
Eo | |FSECE
Eg
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The Mossbauer effect:
Nuclear resonant recoilless absorption/emission of y— rays.

E
Nucleus of °’Fe: My, =—y+M(Vx —VR)
E,= 14.413 keV | ¢ |
r=141.1ns; "= 4.66 neV: E+—MvV=E +E +-M(®u, —v,)’
e 2 X g Y 2 X

Resolving power E, /I" = ~1x10"? .
Recoil energy:

E 1 E’
“ v E,=—Mvy=—7">=2meV
E =E —-E R\ LY 2 Mc
EO 0 e g <_:
NN\ NN *o) —>
VX
Eg
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The Mossbauer effect:
Nuclear resonant recoilless absorption/emission of y— rays.

E

Nucleus of °’Fe: My, =—y+M(Vx —VR)

E,= 14.413 keV | ¢ |

r=141.1ns; "= 4.66 neV: E+—MvV=E +E +-M(®u, —v,)’
e 2 X g Y 2 X

Resolving power E, /"= ~1x102
gp 0 Recoil energy:

2

Lo By
1 v, E, =5MVR YT =2meV

E =E —E yray Mc
E\O/\/\/\-—» \/\0/\/5—* 8 (_:’
VX
. )

g the Méssbauer effect:
[ [ EO + ER
Fo—Er Y\l_/

I
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The Mossbauer effect:
Nuclear resonant recoilless absorption/emission of y— rays.

E

Nucleus of °’Fe: My, =—y+M(Vx —VR)

E,= 14.413 keV | ¢ |

r=141.1ns; "= 4.66 neV: E+—MvV=E +E +-M(®u, —v,)’
e 2 X g Y 2 X

Resolving power E, /"= ~1x102
gp 0 Recoil energy:

E 1 E?
T E,=—Mv, =—"—=2meV
E,=E —-E, A\ LY 2 2Mc’
EO 0~ e g (—:’
I N />
VX
Eg Einstein model of a solid
\
’\
)
Vp)
| ‘
Atoms bound in a crystal lattice 2he —hw 0 hw 2hw E-E
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The Méssbauer effect:
Nuclear resonant recoilless absorption/emission of y— rays.

57 .
Nucleus of >"Fe: The Nobel Prize in Physics 1961
EO =14.413 keV Robert Hofstadter, Rudolf Méssbauer

T=141.1 ns; I'=4.66 neV:
Resolving power E, /I" = ~1x10"?

Ee A
Vp . Y -ray
E =FE — F (R ./\/\/\—»
E\Q/\/\/\—) \/\0/\/&—" 8 "9
VX
Eg

Prize motivation:
"for his researches concerning the resonance
absorption of gamma radiation and his discovery

. . in this connection of the effect which bears his name"
Atoms bound in a crystal lattice
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The Méssbauer effect:
Nuclear resonant recoilless absorption/emissio

Mossbauer o
Drive 7* “@ =
/N

Source ' Collimator

Detector

laboratory setup
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The Méssbauer effect:
Nuclear resonant recoilless absorption/emissio

Mossbauer
Drive 7* “@
/N

Source ' Collimator

Detector

Spring8 (Japan) i APS (USA)
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The Mossbauer effect:

Nuclear resonant recoilless absorption/emissiop

e
Mossbauer 7* 4@ —,,)
Drive AN 3 :
RN

SKIT
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Synchrotron Radioactive
Property Radiation Source
Spectral flux (ph/s/eV) 2.5x10"° 2.5%x10"°
Brightness (ph/s/(eV- sr) 2.8x10% 2.5x 10"
Brilliance (ph/s/(eV- sr -mm?) | 2.8x10% 2.5x10M
Typical beam size (mm?) 1x1 10x10
PETRA Il Focused beam size (1m?) 6x6 —
Energy resolution (neV) — 4.7
Time resolution (ns) 0.7 —
Polarization linear or circular unpolarnzed
i ————
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Hyperfine interactions in the nucleus of °’Fe (E, = 14.4 keV, 7t = 141ns)

l. Isomer (chemical) shift: +302°
6= E,~Ey = =5 () Bp0IA( ) ) e w2
Al =(r?) —(r) Excited state 312 .~ £1/2 12

-a/2

v,0f)

Ap(0) = e[, (0) -

Il. Electric quadrupole interaction:

aE, :Qth] WL
2 3 Ground state 1/2 ___— Y Y v 1R
77 = (Vxx _Vyy )/VZZ

Y

Nucleus in Isomer Electric Magnetic
‘free atom’ shift quadrupole hyperfine
. . . . splitting splitting
lll. Magnetic dipole interaction:
H, =-ulB=-gu,l B E, =—gmBu,
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Hyperfine interactions
in the nucleus of *Fe
AR A R -_— :l:l/r
i, —" y
h N
kS 8
Mossbauer spectrum in the = g
energy domain = g
(classical M&ssbauer spectroscopy) = e S Q.S
e
3 0 55 T
Velocity (mm/s) Velocity (mnys)

= experiment

fit ﬁ s experiment {

Mdssbauer spectrum in the
time domain
(nuclear forward scattering) 1 EHbI 1

L . ot b
50 100 150 200 250 300 50
Time, ns
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+112
-1/2
-32
E 3
f -1/2
‘ f +1/2
Magnetic
hyperfine

Velocity /mm s"

= experiment
fit

Time, ns
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Nuclear Exciton

Simultaneous, phased in time, collective excitation of all hyperfine levels of the
excited state of resonant nuclei in the sample. It propagates through the sample
predominantly in spatially coherent channels (forward or Bragg direction)

E
I IHHIIIIIIIII!IIIIIIIIIIHIIIIIIIIIIIIJIIIIHIIIIIIIIIIHIMHII!IIIIIIIIHIIIIIIIIHIF——» By
i H!I!IIIIHII|IIHIJIIlHH]IIIIIIIIIIIIHHIIIIUIIIIIIHIIII|ill|llmlllllllllk-—~ Fs
L —
i k{) Ei+ B9+ E3
. ~||||iinum A -~
sample — ——r—— detector
Quantum beats ) j
Er ]
The coherent superposition of waves ‘(; R R—rs 1-50
emitted from various hyperfine split levels. time (ns)

R. Réhisberger ,Nuclear Condensed Matter Physics with Synchrotron Radiation” Springer 2004
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Dynamic beats

t, =0, fyn,d effective thickness

O, maximal cross-section for nuclear resonant absorption

n, Avogadro’s number

Lattice dynamics:
f1y Lamb-Mossbauer factor| ———» y_,{z/ 2\

by
. g L
d  Sample thickness .

g
2
]
2
Mossbauer Forward Scattering Forward Scattering
Transmission Spectra Energy Spectra Time Specira
Log
Thin
Target
40 20 0 20 40 40 20 0 20 40 O 100 200 300 400

PSRRI | L IR R L 1

Log
N i
Double-hump Dynamical T T M TSN T R TR VTR
profile beats Tire 1 (ns)

Energy (T) Energy (I') Time {(ns)
Nuclear forward scattering spectra of (NH4),Mg®Fe(CN),

Broadened
Thick h;ga ene
Target
for various effective thicknesses f,

40 20 0 20 40 —40 20 0 20 0 100 200 300 400 U. Van Biirck, Hyperfine Interactions 123/124 483 (1999)
Energy (T') Energy (T') Time (ns)

R. Réhisberger ,Nuclear Condensed Matter Physics with Synchrotron Radiation” Springer 2004
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Polarization dependence of the nuclear resonant scattering

Electric quadrupole interactions

Mossbauer absorption spectroscopy

pol. source unpol. source
Geometry |Nuclear Scattering Length|  Time spectrum 100 £ 100
N(w) o — unpolarized z z
™ ] S 05 §osp
kq 3 fF. 0 £ % E o
A V2 _( +1 ) @ b7}
/4 Br\ 0 Fy Ewsst 1:3 [Essf 1:3
z 100 100
" ko 3 Foi 0 95 95 w
B - +1
- i 811-( 0 F.,) 9% 9
Yoz O 85 1:3 85 5:3
w : E 100 100
el vu\ ku _‘i F‘J 0 3 05
<, A ; ) experiment 1
E o -
= ] 90 o0 P 1
7 A 45° v, E 85 1:0 < 5:3 ’;:\102 fit E
D AN B (R+FaR-Fy ] 20012 24012 = 3
£ ko | 16w \ Fp — Fiyq Fy + Fig e velocity (mm/s) velocity (mm/s) 8 ( a)
] GuNP L
1 ! >10 3
fcm = f-mr = ; . . . % ,‘: t%
3 1 Nitropruside anion: /- | Z
Tor (Pt Fo) Fe(CN),;NO A% B ma 3
(1 : , : ——— —— —
- 3 ] o E10 allk ,b1l'V
ko .fc'a - E;I:F*-z | Y ZZ
I 4 o
m(Fﬁ-l"’-Fﬂ) Lo ogoite )
] . 0 100 200 300 400
Jor = farx = E 4 Time, ns

51;(2F+1+Fo) _ NFS spectra of (CN3H6),[5"Fe(CN):NO] recorder at the
| 2 5

i » indicaated single-crystal orientations and thicknesses.

0 t,”Tg 1 "I.l
R. Réhisberger ,Nuclear Condensed Matter Physics with Synchrotron Radiation” Springer 2004 H. Griinsteudel et al., Hyperfine Interact. 122, 345 (1999)
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Polarization dependence of the nuclear resonant scattering

a) Electric quadrupole interactions b) Magnetic dipole interactions
Geometry |Nuclear Scattering Length|  Time spectrum (1 Geometry Nuclear Scattering Length Time spectrum
N(w) o — unpolarized N{w) o — unpolarized
T “ H}T - E
ko 3 (Fy 0 ko| 3 ( Fu+F., —i(Fy—Fy) YAy
A Vs, Pl +1 ) m _( +1 -1 WLy -1 )
/4; 8m ( 0 F+l A 167 1(F+1 - F-]) F+1 + F_y
™ .
ko 3 Fy 0 3 F+1+F_1 0 F
B.__H{ EF(OFD) 157( 0 ZFO)
U, O
- - E
clv.d Ko _3_(1%0 ] ENC .
< 8r \ 0 Fiy S 67\ 0 Fu+Fo
~ E

_3_ Foa+F, 0 F
16 0 Fy+Fy

w4 45° v E
D y 3 (R+FuFR-Fy ]
£ ko | 16w \ Fp — Fiyq Fy + Fig £

Joo = fon = fow = fron = N
3 . 3
'MTR_(F-H‘FFIJ) ? - %(F+1+F_[+2Fo) mm‘
™ 3 m 3
B ko fo—a—g;rFH fw=-l-6;(F+1+F-1)
3 3
EI‘-(FH-FFQ) fn«='ﬁ(F+1+F_1+2Fu)
h po -
Jor = frx = E ko Joo = fax = j
Lorn+ Ry - ¢ L ]
& o § Y o : g( b1+ Fo+ Fy)
0 t/ 1 0 t/m 1

R. Réhisberger ,Nuclear Condensed Matter Physics with Synchrotron Radiation” Springer 2004
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Instrumentation for nuclear resonant scattering experiments

laboratory setup _
souics  * " Gollmator
sample Detector

AE = 0.5 meV
AE =3 eV sample

CRL % —Z 4
oo~

_ high resolution
high heat mono

load mono 100000 Nuclear forward scattering spectrum
] (Méssbauer spectrum in the time domain)

—— nuclear signal
—— electronic signal

10000 4
16 bunch mode ]

176 ns

1000
—_— ]

Counts

100 4

time, ns

0 50 100 150 200 250 300

time, ns
R. Riiffer and A.l. Chumakov, Hyperfine Interact. 97-98, 589 (1996)
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AE =3 eV

high resolution

high heat mono

load mono

16 bunch mode
timing 6 — cirkle diffractometer
17éns Can accomodate:
Continuous flow cryo:300 K-5 K
Furnace: 300 K- 1200 K

time, ns

R. Riiffer and A.l. Chumakov, Hyperfine Interact. 97-98, 589 (1996)
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AE =3 eV
ESRF revolver undulator CRL
e e CRL &ﬁﬁ 2 %

high resolution

high heat mono

load mono

Cryo-magnet system:
Temp. range: 300 K-2 K
mode 176 ns Magnetic field: 0 T -8 T

S

16 bunch mode

time, ns

R. Riiffer and A.l. Chumakov, Hyperfine Interact. 97-98, 589 (1996)
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Instrumentation for nuclear resonant scattering experiments

high resolution
mono

high heat
load mono

16 bunch mode

Ultrahigh vacuum system
S. Stankov et al., Rev. Sci. Instr. 79, 045108 (2008)

176 ns
S

time, ns

R. Riiffer and A.l. Chumakov, Hyperfine Interact. 97-98, 589 (1996)
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Noncollinear Magnetization Structure at the Thickness-Driven
Spin-Reorientation Transition in Epitaxial Fe Films on W(110)

A

M || [110]

detector

T. Slezak et al.,J. Phys. Conf. Series 217, 012090 (2010)

log(intensity)

i

51.6A 52.6A 53.2A 53.84 56.8A T T T T T T
The magnetization structure during the thickness- 20 40 80 fﬁne [11?2] 120 140160
induced SRT for the Fe/W(110) system NFS time spectra measured in-situ at the

T. Slezak et al., Phys. Rev. Lett. 105, 027206 (2010) indicated film thicknesses.
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Nuclear inelastic X-ray scattering o f
2.7x1
!
Ores 1 T
¥ barn
E “: |
e A TEhf - #ev 60 /WO '
E,+AE - il
N e 40 - !' li | !l
c A ’ hli— Wi
g ﬁ v Ephon. ~meV i !m Wn(n >1)
20+
0 - phonon \——/ —— L
1 - phonon 2 - phonon . ) 1 Ty ! JL
Einstein model of a solid 0 5 10 15 20 25 E~$o
me

The partial phonon density of states
of 159Tb in TbOx (E = 58keV).

S(E)

I ‘ H. Weiss and H. Langhoff, Phys. Lett. 69A, 448 (1979)

—2E,, —Ey, 0 Ey 2Epn E-E,

R. Réhisberger ,Nuclear Condensed Matter Physics with Synchrotron Radiation”
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TEhf ~ eV

60 -40 -20 O 20 40 60
A E -E,, meV

Eg _I_l-l— v E ., ~meV
0 - phonon \——/ “——’ W(E)=f,y 5(E)+an(E)

1 - phonon 2 - phonon 1

Einstein model of a solid Quasiharmonic approximation
(harmonic interaction between the atoms)

S(E)

‘ 5, (E)=— Tsl (E")S, .\ (E~E')dE’
n
| 2

=

26 ~Ep 0 Ey En E-E,  |SENEN- £ B(E)/E(1-exp(- E/k,T))

R. Réhisberger ,Nuclear Condensed Matter Physics with Synchrotron Radiation”
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Phonon DOS determines the
vibrational thermodynamics of the solid

In
» Mean square atomic displacement <x2> = _%
/4
m) E’
» Velocity of sound g(E)= >
2k

» Vibrational contribution to the internal energy

> Lattice specific heat at constant
volume/pressure

> Vibrational entropy

» Mean kinetic energy and
force constant

25 Winter School of Synchrotron Radiation, 31.1-4.2.2011, Liptovsky Jan, Slovakia
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Phonon DOS of o - Fe

0,06
> 0,04+
g
)
S o002t
0.005 10 20 30 40 50
Energy, meV
|
j g(E)E e dE

2 BE
C, =3k jg(E)%dE C,=C (1 Tld—‘/j

v dT

S =3k j g(E){

T(k,)=— jg(Ek )E " 4l

PE e +1 ln(e/jE/z _e—,ﬁ‘E/Z):|dE

eﬁE

- M G
F B V)= h—zjg(E,ky)Esz
0
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60 -40 -20 0 20 40 60
AE =3 eV 1 E -E,, meV

sample
high resolution

high heat mono

load mono

16 bunch mode

mode 1760

time, ns

.60 -40 -20 0 20 40 60

E -E,, meV
R. Riiffer and A.l. Chumakov, Hyperfine Interact. 97-98, 589 (1996)
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Phonons in Fe: from bulk to a monolayer

Fe/W(110)
a model system for investigation of
structure, diffusion and magnetic
properties of nanostructures.

® Fe
" Y14
1 ML=0.2nm

I , 1ML _ .

0.0 w10 R L RAALS substrate
0 10 20 30 40 50

energy (meV)

misfit parameter: &= (ar,-a,)a,, =-9.4 %
S. Stankov et al., Phys. Rev. Lett. 99, 185501 (2007)
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Summary:

v Simultaneous access to electronic, magnetic properties and lattice
dynamics

v Partial (element and isotope - specific) infomration

v" Access to buried layers

v' Sensitive to 1 atomic layer of material

v" The number of accessible isotopes is continiously increasing:

57Fe, 119Sn, 149Sm, 151Eu, 161Dy, 83Kr, 125Te, 121Sb ( 127],129], 61Ni, 169Tm ... )

v" Nuclear resonance beamlines worldwide:

Grenoble - ESRF (ID18) Argonne - APS(3-ID)
Hamburg - Petra lll (P01) Kouto - Spring-8(BL09XU)
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