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1. Giant shift of TC’s in trilayers
2D ferromagnet ⇒ dNi (Jensen)
effect of spacer ⇒ dCu (Bruno)

2. Temperature dependence of IEC

3. Oscillatory TC of a Co film
QW of a Cu-cap layer

Interlayer exchange coupling and giant spin Interlayer exchange coupling and giant spin 
fluctuations in ferromagnetic fluctuations in ferromagnetic trilayerstrilayers
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1.  Giant shift of TC’s in trilayers
XMCD element specific magnetizations in trilayers

M

M

A trilayer is a prototype to 
study magnetic coupling in 
multilayers.

What about element specific 
Curie-temperatures ?

Two trivial limits: (i) dCu = 0    ⇒ direct coupling like a Ni-Co alloy
(ii) dCu = large  ⇒ no coupling, like a mixed Ni/Co powder

BUT dCu ≈ 2 ML  ⇒ ?

U. Bovensiepen et al., Phys. Rev. Lett. 81, 2368 (1998) 
“Two susceptibility maxima and element specific magnetizations …”
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X-ray Magnetic Circular Dichroism

P. Poulopoulos, K. B.,
Lecture Notes
in Physics
580, 283 (2001)
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Remanence and saturation magnetization
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C. Sorg et al.,
XAFS XII, Malmö, June 2003
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J. Phys.: Condens. Matter 12 (2000) 2847–2855.
Theoretical approach to the Curie temperature shift in trilayers

J H Wu†, T Herrmann, M Potthoff and W Nolting
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Single band Hubbard model: 
Simple Hartree-Fock (Stoner) ansatz is insufficient
Higher order correlations are needed to explain TC-shift

Enhanced spin fluctuations in 2D (theory)
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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)
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M. Bernien et al. unpublished 

Combination of dNi (Jensen) and dCu (Bruno) dependence
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Crossover of MCo(T) and MNi(T)

Two order parameter of TC
Ni and TC

Co

A further reduction in symmetry happens at TC
low
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A. Scherz, F. Wilhelm, P. Poulopoulos, H. Wende and K. Baberschke
Element-specific Magnetization Curves and Crossover in Co/Cu/Ni/Cu(001) Trilayers Studied by XMCD
XAFS XI Japan, July 2000, J. Synchrotron Rad. 8, 472 (2001)
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Beyond the Molecular Field Approximation
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Spin fluctuation in Ni thin films. Magnetic resonance linewidth diverges at TC
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Summary

Spin dynamics at interfaces and nanostructures

may not be explained in a simple picture of

spin-up, spin-down MF band structures.

Higher order spin-spin correlations

are important in 1D and 2D structures.

New results in Theomag-group Fysik, UU ?!
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2.  Temperature dependence of IEC

Spin dynamics in coupled films
Landau-Lifshitz-Gilbert-Equation 

1 = _∂ M
γM H (J ,K)× eff inter∂ t +γ

∂ M
∂ tMS

G
2 (M     ×   )

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

in-situ
UHV-experiment

theory

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

Ferromagnetically coupled system
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“volume”, “surface” and “interface” MAE

t=T/TC(d)

Full trilayer grows in fct structure

K.B. JMMM,  272-276, 1130 (2004)
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The surface and interface MAE are certainly
large (L. Néel, 1954) but count only for one
layer each. The inner part (volume) of a nano-
structure will overcome this, because they
count for in n-2 layers.

C. Uiberacker et al.,
PRL 82, 1289 (1999)

SP-KKR calculation for rigit fcc and relaxed fct structures

R. Hammerling et al.,
PRB 68, 092406 (2003)
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Are the calculated IEC and the measured Jinter identical?

22

i=1

2E M =   (2Σ π i ,i i i inter  K d   J− θ −2⊥ ) cos  M M1 2⋅
M M1 2

Experiment measures ∆ free energy and projects it on a macroscopy Heisenberg model

Theory uses microscopic magnetic moments mi with site selectic Jij

〈 〉 =   ∑E J  ij 〈 〉JJ ∑ ∑ m mi j⋅ m mi j⋅ m mi j⋅
m mi j m mi j m mi ji,j i,j i,j

Jinter
M M1 2⋅
M M1 2〈 〈 〈〈 〈 〈∼ ⇔

They are related only via the approximations    Jij → 〈 J 〉

Conclusion: IEC ∝ Jinter
but necessarily not identical
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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                 inter 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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On the origin of temperature dependence of interlayer exchange coupling in metallic trilayers
S. Schwieger and W. Nolting

Humboldt-Universität zu Berlin, Institut für Physik, Newtonstr. 15, 12489 Berlin
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FMR line width ⇔ spin-wave damping

Landau-Lifshitz-Gilbert-Equation

1 = _∂ M ∂ M
γMS

G
2(M H )× eff ( )M        ×∂ t ∂ t+γ

Gilbert-damping ~ ω

∆ ωH ( ) = Gil G
γ2MS

ω

2-magnon-scattering 

k||

ω(k )||

ωFMR

ϕ ϕk|| c< 
ϕ ϕk|| c> 

∆ ωH ( ) = arcsin2Mag Γ
[ω ω2 2 1/2+( /2) ] - 0 ω0/2
[ω ω2 2 1/2+( /2) ] + 0 ω0/2√

ω γ π γ µ0 2 S B

2

S

= (2K - 4 M ), =( /h)g
K - uniaxial anisotropy constant
M - saturation magnetization

⊥

⊥ 

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
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‘Non-Gilbert-Type’ spin-wave damping J. Lindner et al.
Phys. Rev. B 68, 060102(R) (2003)
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Summary

For‘Spin Dynamics in Confined Magnetic Structures‘ the LL equation of 
motion may give incomplete information. Not all scattering processes 
can be treated as a macroscopic viscosity parameter.

• FMR provides IEC, MAE, etc. in absolute energy units, i.e. µeV/particle.

•More complete theory of spin wave dynamics at elevated temperatures is needed.

• Simple D•k2 dispersion law may not be always sufficient.
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3.  Oscillatory TC of a Co film with Cu-cap

Cu-substrate

2-3 ML Co
1 ML Cu

6 ML Cu

TC≈300-400K
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ac-susceptibility measurements with 
consecutive evaporation of Cu-layers

= 2.2 ML Co
= 2.5 ML Co
= M. Pajda et al. PRL 85, 5424 (2000)

(down scaled)

Oscillatory Curie Temperature in Ultrathin Ferromagnets: Experimental Evidence

C. Rüdt, A. Scherz, K. Baberschke
Institut für Experimentalphysik, Freie Universität Berlin, Arnimallee 14, D-14195 Berlin, Germany

submitted

)2sin()( Φ+
Λ

=∆ d
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AdTC

π
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Three mechanisms influence TC

1. The magnetic moment of the top layer changes
vacuum: µCo +32% enhanced
Cu-interface: µCo –17% reduced

UHV-SQUID, A. Ney et al. EPL, 54, 820 (2001)
TC ∝〈 µ2 〉

Co2/Cu(100) TC
0=370K ⇒ Cu/Co2/Cu(100) TC

0=220K

2. Hybridization, electronic band structure at Cu/Co
interface

ARUPS Cu2-8/Co20 changes effective mass of QW states
P. Johanson et al. PRB 50, 8954 (1994)
monotonic decay of TC

3. QW effects 
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Summary

Is a „small“ oscillatory amplitude in TC plausible ?    Yes !
We know from FMR in trilayers that

∆TC
*≈100K ⇔ Jinter = 50µeV/atom

∆TC
cap≈4K ⇔ Jcap ≈ 2µeV (FMR) 

Vollmer et al. observed a strong decrease of TC by 120K  ...

Vollmer et al. write  „ ... delocalized QW states ... may be
less important …, since we did
not see further oscillations ...“
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Conclusion

• In-situ experiments + step-by-step preparation in UHV are important.

• XMCD measures element specific M

• FMR measures J absolute and f(T)

• Oscillatory TC upon capping, QW states
are experimentally verified, but amplitude is small.
C. Rüdt, A. Scherz, and K. B.
“Oscillatory Curie Temperature in Ultrathin Ferromagnets: Experimental Evidence”
submitted

Theory: O. Eriksson UU;   P. Weinberger, TU Vienna;   R. Wu, D.L. Mills, UCI; 
J.J. Rehr, UW; H. Ebert, LMU;   K.H. Bennemann, FUB;   W. Nolting, HUB  

• The magnetism of nanostructures is a prototype case, which shows the
close collaboration between theory and experiment.

K. B. “The magnetism of ultrathin trilayers: A playground to study fundamentals”
J. Magn. Magn. Mater. 272-276, 1130 (2004)
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