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1. Local moment EPR in superconductors

2. Single ion Kondo effect and EPR

3. FMR in ferromagnetic nanostructure

From local moment EPR in superconductors From local moment EPR in superconductors 
to to nanoscale ferromagnetsnanoscale ferromagnets
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Later, Zavoiskiy‘s discovery of paramagnetic resonance was of major
importance for the development of this field of knowledge 6).

6)  E. K. Zavoiskiy, Doctoral thesis , Moscow (1944); J. Phys. USSR 9, 245 (1945).
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1. Local moment EPR in superconductors

i
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Solid State Communications  12,   977 (1973)
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G. Koopmann, K.B., S.H. (1977)
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Pair breaking parameter δei can 
be measured in two ways
∆ TC ↔ ESR

K. B., Z. Physik B 24, 53  (1976) 

J S ⋅ σ

Korringa

EPR  in superconducting materials
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eV2=ωh

( ) heVt 212 −=∂−∂ θθ

483,6 MHz = 1µVˆ
use ac-Josephson effect as a  
microwave generator and 
tunneling current as a detector.

NS1 S2

V

ωh

EPR with ac-Josephson effect
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2.  Kondo effect in the ESR
g–shift ∝ J :     ∆g = αd | ln(TK  /T) | -1

linewidth ∝ J 2 :  δ ie /πkT = α2d | ln(TK /T) | -2
91 10 Oct. 2003 

Yb in Au

K. B. et al. 
PRL  45 , 1512 (1980)
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In situ UHV-FMR set up

pressure: 10-11mbar
temperature: 20K - 500K

M. Zomak et al.,
Surf. Sci. 178, 618 (1986)

J. Lindner, K.B.
J. Phys.: Cond. Matt 15, R193 (2003)

quartzfinger

thermocoup le

lHe cryostat

sample

electromagnet

UHV

cavity

3.  FMR in ferromagnetic nanostructure

7.2 ML Ni/Cu(001)
T=297 K

W. Platow,
Ph.D. thesis 
(1999)
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Yi Li, K. B.,  PRL 68, 1208 (1992)

For thin films the Curie temperature can be manipulated

thickness (ML)
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Ferromagn.

Paramagn.
finite sizeNi(001)/Cu(001)

M

M

T=300K
d=7.6

P. Poulopoulos and K. B.
J. Phys.: Condens. Matter 11, 9495 (1999)

Th.v. Waldkirch, K.A. Müller, W. Berlinger,  PRB (1973)

Fe3+-VO/
SrTiO3
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Determination of MAE  Ki and g-tensor 
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t=T/TC(d)

R. Hammerling et al., PRB 68, 092406 (2003)

full trilayer grows in fct structure

substrate

Cun
Ni9

Ni8
bcc, fcc → tetragonal, trigonal 

fcc Cu(001) substrate (ap=2.55Å)

ε1= +2.5%

ε2= -3.2%

Structural changes by ≈ 0.05 Å increase MAE 
by 2-3 orders of magnitude (~0.2→100µeV/atom)

Growth of artificial nanostructures

tetragonal
Ni(001)
(ap

Ni bulk=2.49Å)
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Ferromagnetic resonance on Fen/Vm(001) superlattices
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A.N. Anisimov et al.
J. Phys. C 9, 10581  (1997)
and PRL 82, 2390 (1999)
and Europhys. Lett. 49, 658 (2000)
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Fen/Vm(001) superlattices
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Coupled films, magnetic trilayers in the FMR
Landau-Lifshitz-Gilbert-Equation 

J. Lindner, K. B. Topical Rev., J. Phys. Condens. Matter 15, R193-R232 (2003)

theory

FMR
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in-situ UHV-FMR measures FM and AFM
and determines Ki and Jinter in absolute units, e.g. µeV/atom

Ferromagnetically coupled system
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a)  J. Lindner, K. B.,  J. Phys. Condens. Matter 15, S465 (2003)
b)  A. Ney et al., Phys. Rev. B 59, R3938 (1999)
c)  J. Lindner et al., Phys. Rev. B 63, 094413 (2001)
d)  P. Bruno, Phys. Rev. B 52, 441 (1995)

Interlayer exchange coupling
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Temperature dependence of Jinter ⇔ ∆ free energy

J  =J [             ]inter inter,0 1-(T/T )C 
3/2

P. Bruno, PRB 52, 411 (1995) N.S. Almeida et al. PRL 75, 733 (1995)

J  =J                 in ter inter,0 [ ]T/T0

sinh(T/T )0

T = hv  / 2 k d0 F Bπ

J. Lindner et al.
PRL 88, 167206 (2002)
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Origin of the temperature dependence of interlayer exchange coupling in metallic trilayers
S. Schwieger and W. Nolt ing, PRB 69, 224413 (2004)
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FMR Linewidth - Damping
Landau-Lifshitz-Gilbert-Equation

Gilbert-damping ~ω

∆ ωH ( ) = Gil G
γ2MS

ω

2-magnon-scattering 

R. Arias, and D.L. Mills, Phys. Rev. B  
60, 7395 (1999);
D.L. Mills and S.M. Rezende in
‘Spin Dynamics in Confined Magnetic 
Structures ‘, edt. by B. Hillebrands and 
K. Ounadjela, Springer Verlag 2003
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Magnon- Magnon scattering
at interf aces of nanost ructures

R. Arias e t al ., J. Appl. Phys. (2000)

‘Non-Gilbert-Type’ spin-wave damping

Z. Celinski, B. Heinrich, JAP, 70, 5935 (1991) 

Non-viscosity (velocity) like damping (spin-scattering)
will be equally important at nnanoscaleanoscale magnets.

J. Lindner et al. Phys. Rev. B 68, 060102(R) (2003)
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Heff

M × Heff

M

M × HeffM ×( )-
precession Gilbert-damping

Landau-Lifshitz equation + extension
spin-pump current

torque is carried away
Gilbert damping enhanced by spin-pump effect!

• precession drives spin current into NM 
Y. Tserkovnyak, A. Brataas, G.E.W. Bauer, PRB 66, 224403 (2002)

• NM-substrate acts as spin-sink Is
back = 0 

Landau-Lifshitz equation & spin-pump effect

hν

H

FM NM

s

• s-d-exchange between spin wave and s-electron
R.H. Silsbee, A. Janossy, P. Monod, PRB 19, 4382 (1979)







 −×=

dt
A

dt
A ir

MMMIS
pump

dd
4π
h

S
pumpI

VM S

γ
+

t
 

M
G 

t S d
d

d
d

2eff
MMHMM

×+×−=
γ

γ



22Freie Universität Berlin nnanoResanoRes 20042004 Kazan / 15–19 August       

0 20 40 60 80 100
0.0

0.5

1.0

1.5

1

2

3

4

H re
s

(k
O

e)

(a)

 optic
 acoustic

(b)

 

∆H
(k

O
e)

θH  (deg)

Ni8Cu12Ni9

single film

K. Lenz et al.,
Phys. Rev. B 69, 144422 (2004)

Evidence of spin-pumping effect in the FMR of coupled trilayers

B. Heinrich et al., PRL 90, 187601 (2003)

dNM ≥ λSF no spin-accumulation Is
back = 0

Gilbert-damping enhanced by spin-pump effect

compensation, if both films precess simultaneously (Hres1=Hres2) 
only Gilbert contribution remains!

Fe/40MLAu/Fe



23Freie Universität Berlin nnanoResanoRes 20042004 Kazan / 15–19 August       

Summary

ЗПР is mature

• It is applied at large variety of different fields: e.g. Millikelvin, in UHV, etc.

• Resonance field, line width, and intensity give many detailed information.

• For nnanoscaleanoscale magnetism it is very powerful, 
it measures to para- and ferromagnetism in absolute energy units (eV/particle),  
which some other technique (e.g. Kerr effect, SPE) can hardly do.

The International Zavoisky Award 2004 

Prof. Dr. Dietmar Stehlik, FU Berlin

Later, Zavoiskiy‘s discovery of paramagnetic resonance was of major
importance for the development of this field of knowledge 6).
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