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Nuclear Resonance Scattering 

0 50 meV

 

 

500 ns

 

 
Time 

Time-domain Mössbauer  

spectroscopy 

  

  

  

Nuclear Inelastic Scattering 
gives phonon density of states  

nuclear resonance works as analyzer 
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Combines properties of  

 Mössbauer spectroscopy 
• element (isotope) selectivity,  

• sensitivity to electronic, magnetic and lattice properties 

 Synchrotron Radiation 
• small beam size 

• beam collimation  

Key optical element –  

high resolution monochromator 

E ~ 1 - 5 meV 
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Mössbauer isotopes  
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W - Mössbauer isotopes 

Fe - Nuclear Resonance Scattering 

Available Mössbauer isotopes: 

time MS: 

           57Fe, 119Sn, 151Eu, 149Sm, 161Dy, 121Sb, 125Te, 

      61Ni, 73Ge 

 

NIS: 

           57Fe, 119Sn, 151Eu, 149Sm, 161Dy, 121Sb, 125Te 

 



Aplications of time Mössbauer spectroscopy 

Collimation of the beam 

High brilliance of the source 

• measurements under  

     extreme conditions 

 high / low T 

 high pressure 

 magnetic field 

 

• surfaces and nanoscale materials 



Applications of NIS 

Z- stage 

• Geoscience 

 

• glass physics 

 

• nanoscale materials 

 

• thermoelectrics 

 



Mössbauer Spectroscopy with 61Ni and 73Ge 

61Ni: 

E = 67.4 keV 

0 = 7.60 ns 

transition: 3/2- 5/2- 

 

Sources: 

• 61Co ( -, 99 min ) 

• 61Cu (EC, 3.41 h)  

 

McCammon et al, Hyp. Int. 28 (1986) 483 

73Ge: 

E = 68.75 keV 

0 = 2.51 ns 

transition: 9/2+ 7/2+ 

 

Source: 

    Coulomb excitation 

Czjzek et al, Physical Review  174 (1968) 331 

Ion beam 
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High energy  

small Lamb-Mössbauer factor 



Experimental setup 

Detector: 
Array of 16 Si APDs 
Efficiency  
     @ 67keV ~ 20% 

beam 

                       30 meV                         

Monochromator 
of Si crystals 

U CRL 
HHLM 

Si(1 1 1) 

Sample APD array 

HRM 

Si(4 4 4)+Si(8 4 4) 

 

30 m 

3 mm 

beam divergence 

~ 2 rad 

beam divergence 

~ 0.15 rad 

Flux at 100 mA SR current: 

   5 106 ph/sec  

   500 ph /sec  / 0  



Time MS with 61Ni and 73Ge 

61Ni,  E = 67.413 keV 73Ge, E = 68.752 keV 
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295 K

Time t / ns

0.5mm 61Ni foil  

rotate x-tals by 0.1 – 0.3o 

Range:  64 keV < E < 77 keV  

I.Sergueev et al., PRL 99(2007)097601. 

Magnetic and elastic properties 

 of elemental nickel 

R. Simon et al., EPL 104(2013) 17006 

Isomer shift 

(coordination number) 

of CaGeO3: 

 

wollastonite 

garnet 

perovskite 



Highest pressure for magnetism 

Iota et al., Appl. Phys. Lett.  

90(2007)042505 

Ishimatsu et al., J. Phys.Soc.Jpn.,  

76(2007)064703  

Theory: predicts continuous decrease of magnetic moment up to 300 – 34000 GPa  

X-ray diffraction: fcc phase up to 150 / 200 GPa,   

X-ray magnetic dichroism 

Up to 70 GPa Up to 50 GPa 

Torchio et al., PRL 107(2011)237202 

Up to 200 GPa 
Spring-8 APS 

ESRF 



Highest pressure for magnetism 
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Measurements 

beam 

61Ni  foil in diamond anvil cell 

5-20 m 

Detectors 

Monochromator 

Focusing optics 

focal size: 10 m 

Sample 

Experimental setup 

                

 

H – hyperfine magnetic field 

I.Sergueev et al., PRL 111(2013)157601. 



Highest pressure for magnetism 
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Experiment and theory 

• Ni is ferromagnetic at room temperature up to  260 GPa.   

• Measurements at higher pressure are required  in order to 

find critical pressure. 



Time MS of Ni at HP. Elastic properties 
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Changes of the spectra are due 

to increase of the 

 Lamb-Mossbauer factor 
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High Resolution Monochromators. Multiple-crystal approach 

Collimator 

Monochromator 

Si reflection 7 7 7 12 12 12 17 17 17 

E, keV 13.9 23.9 33.8 

E, meV 5 0.7 0.06 

, urad 3.4 0.3 0.02 

R,% 80 73 22 

Si reflections with Bragg angle = 84o 

SR beam divergence:  

10-20 urad 

2. Asymmetric reflection 

1. Compound refractive lenses  

in 

out 

2010
out

inb

from 10-20 rad  to 2-5 rad  

2 steps of collimation: 



Backscattering Monochromators 

Burkel, Rep. Prog. Phys. 63(2000)171 

Energy is defined by Si crystal lattice  

Crystal with low symmetry ( sapphire, quartz) 
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 reflections in Si

 reflections in sapphire

At least 2 reflections in 150-300K  

for any E > 20keV 

125Te nuclear resonance 

Y.V. Shvyd’ko and E. Gerdau, Hyp. Interact. 123 (1999) 

Si reflection 7 7 7 12 12 12 17 17 17 

E, keV 13.8 23.7 33.6 

E, meV 5 0.7 0.06 

, urad 970 320 83 

R,% 80 73 22 

Si reflections with Bragg angle = 90o 



Sapphire backscattering monochromator 

Imai et al., Proc. SPIE, 2007 

(9 1 68) @ 35.49 keV 

Eth = 0.4 meV 

Eexp = 8 meV 

 

 

Wille et al., EPL 74(2006)170 

(15 13 14) @ 37.13 keV 

Eth = 0.4 meV 

Eexp = 7 meV 

Shvyd’ko et al., EPL 56(2007)309 

(3 2 52) @ 25.51 keV 

 

 

Eth = 0.8 meV 

Eexp = 8 meV 

PETRA 

SPRING-8 

ESRF 

X-tal 

beam 

Traditional approach: 

New approach: 
X-tal 

beam 

I. Sergueev, H.-C. Wille, R. P. Hermann, D. Bessas, Yu. V. 

Shvyd’ko, M. Zajac and R. Rüffer,   J. Synchrotron Rad. 18(2011) 



Experimental Setup and Instrumental Functions 

Energy band width ~0.7 meV,     

                                                 E / E = 2  10-8 

U 

HHLM 

APD2 

horizontal 

focus APD1 

S 

BSM vertical 

focus 

I~1012 ph/sec 

E ~ 5 eV 

I~108 ph/sec 

E ~ 1 meV 

beam size ~ 100-400 m 

121Sb 125Te 119Sn 129Xe 

E/ keV 37.13 35.49 23.88 39.58 

Reflection (8 16 40) (9 1 68) (4 4 45) (5 17 54) 

T / K 237 220 193 291 

Angle / degree 

 

 

59 24 26 49 

Eth / meV 0.4 0.7 1.0 0.5 

Eexp / meV 0.7 0.7 1.0 0.9 
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Inelastic neutron scattering  

  on Sb(Bi)2Te(Se)3 
Rauh et al., J. Phys. C 14(1981)2705 

Inelastic spectra 
Phonon DOS 



Thermoelectrics.Current trends 

Snyder and Toberer,  

Nature Mat. 7(2008) 

Commercial materials 

Search for “phonon glass, electron crystal” 

From simple 
To complex  

structure  

To nanostructured  

materials 

PbTe 
TEM images of a Si80Ge20 nanocomposite 

Wang et al., Appl. Phys. Lett., 93 (2008). 



Thermoelectrics. Skutterudites 

Sales et al., Science, 272(1996) 

Lattice thermal conductivity 

CoSb3 Rx(Co,Fe)4Sb12 

Is CoSb3 a good reference for filled skutterudite lattice 

dynamics? 

 

FeSb3 is thermodynamically unstable. 

 

 

 

Synthesis of Metastable FeSb3  using multilayer precursors 

(Hornbostel et al., J. Am. Chem. Soc. 1997, 119, 2665) 

 

→ 1-1.5 μm films of FeSb3 

FeSb3 

FeSb2 

Möchel et al, Phys. Rev. B, 84(2011)064302 



Phonons in skutterudites. EuFe4Sb12 vs FeSb3 
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Nuclear Inelastic Scattering at 

 151Eu, 57Fe, 121Sb nuclear resonances 

Möchel et al, Phys. Rev. B, 84(2011)064302 

I. Sergueev, in prep. 



Phonons in skutterudites. High pressure study 

Experiment. 
Grüneisen parameter 



High pressure diffraction 



Sapphire monochromator. Perspectives 

Improvement of the sapphire quality 

thickness E / meV 

1 mm 0.7 

2 mm 0.3 

5 mm 0.1 

at 35 keV 

thickness Refl-ty / % 

1 mm 2 

2 mm 7 

5 mm 30 

at 50 keV 

New elements: 
183W  46.5 keV  

189Os 36.2 keV 
238U   44.9 keV  
240Pu 42.8 keV 

Resolution to measure:  

• phonon line broadening 

• mean sound velocity 

Apply for extreme conditions (high P): 

Feasibility high pressure study: 
R.Simon et al., Semicond. Sci. Technol. 00 (2014) 

Sb2Te3  

at 77 Gpa, RT 

Requires setup to perform  

low T/ high pressure 

measurements  

Sapphire ultraoptics for synchrotron radiation 

Helmholtz-Russia Joint Research Group HRJRG-402 
Partners: 

Russia - RAS Shubnikov IC, Moscow 

Germany – Forschungszentrum Jülich, DESY, ANKA 
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Quality of sapphire crystals 
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Time Mössbauer spectroscopy above 60 keV 
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Collimation optics 
Reflections of Si 

at 295 K 

Energy > 60keV: 

                       30 meV                         

Medium resolution monochromator 

Detectors overload 



Phase change materials for storage devices 

(Courtesy N. Yamada, Panasonic) 

1ns 

50ns 

Wuttig and Yamada, Nature Mat. 6(2007)824 

Candidate for 

memory materials: 

 

• Fast – ~10 ns 

• Dense –  << 50nm 

• Stable – several years /bit 

• Long-lived – 1012 cycles  

Today: optical contrast:    storage media, DVD, Blu-Ray. 

Future: resistivity contrast:    fast non volatile memory! 



Elastic properties of Ge2Sb2Te4 

Amorphous Crystalline 

 

C11 31 GPa 48 GPa 

VL 2280 m/s  2770 m/s 

C44 10 GPa  16 GPa 

VT 1300 m/s  1600 m/s 

VDebye 1440 m/s  1770 m/s 

Blachowicz et al., J. Appl. Phys. 102, 093519 (2007) 

Hardening upon crystallization Softening upon crystallization 

Matsunaga et al., Adv. Funct. Mater. 21(2011)2232 

XRD: D=155K EXAFS: D=350K 

How we can reconcile this? 



Amorphous and crystalline state of Ge2Sb2Te4 

Sample: ~1 μm film deposited on Al, T=20 K 

0 5 10 15 20 25 30
0.00

0.05

0.10

 Energy / meV

 

 

 

Te

0.00

0.05

0.10

 

 P
D

O
S

Sb

 NaCl-type

 amorphous

Sb Te 

B, Å2 F, N/m B, Å2 F, N/m 

Amorphous 0.184(2) 97(4) 0.198(2) 84(4) 

NaCl 0.166(2) 72(4) 0.160(2) 68(4) 

Amorphous: 

Strong covalent bonding 

Crystalline: 

Weak “resonance” bonding 

Matsunaga et al., Adv. Funct. Mat., 21(2011)2232 

Combination of NIS on 125Te and 121Sb  

and INS (IXS)  Ge PDOS 



Thermoelectrics. Applications 

ТГ-1,«партизанский котелок» 

Юрий Маслаковец,  

Лениградский физтех, 1943 

http://biolitestove.com/products/campstove/ 

Radioisotope Thermoelectric Generator,  

Mars Science Laboratory 

https://solarsystem.nasa.gov/rps/rtg.cfm 

Thermoelectric stations for gas pipe lines 

http://www.telgen.ru/ 

Recovery of thermal waste 

BMW TEG 

Peltier Coolers 

http://www.micropelt.com 


