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Today it 1s well known fact that the reduction of dimensionality of solid materials
imposes extraordinary new features.

Discovery and understanding of the properties of nanostructures, quantum dots,
nanowires and other low-dimensional interfaces, have lead to numerous technological
applications.

Prominent examples are applications in information processing and information-storage
technologies, new light sources, etc.
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Part [: Fundamentals
*  Curie temperature T ,
*  Orbital- and spin- magnetic moments,

Magnetic Anisotropy Energy (MAE)
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UHYV - ac susceptibility

film prepared and measured in-situ
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“Magnetism in thin films”
P. Poulopoulos, K. B., J. Phys. Condens. Matter. 11, 9495 (1999)
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EPR/FMR in UHV 0
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For thin films the Curie temperature can be manipulated
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Crossover of M.,(T) and My;(T)

measured with X-ray magnetic circular dichroism
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A further reduction in symmetry happens at To%
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Orbital magnetism in second order perturbation theory
H'= pgHeL + ALeS
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Splitting of the 80 term by a tetragonally distorted cubic field. In the principal axis system of a crystal with axial symmetry, the
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Enhancement of Orbital Magnetism at Surfaces: Co on Cu(100)
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Giant Magn. Anisotropy of Single Induced magnetism in molecules
Co Atoms and Nanoparticles

T. Yokoyama et al., PRB 62, 14191 (2000)
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Magnetic Anisotropy Energy (MAE) and anisotropic |,

1. Magnetic anisotropy energy = f(T) _
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-1 _— |- = A
— -7 /4‘ D ge Ag
& 300+~ /4”]

"[1001 (
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MAE LM dB =" AM-AB =72 200 - 200 G binding energy 1 - 10 eV/atom

MAE = 2-10% erg / cm3= 0.2 peV / atom exchange energy 10 - 103 meV/atom

~ lpeV/atom is very small compared to aulpie MUAS, (N U2V

~ 10 eV/atom total energy but all important uniaxial MAE (Co) 70 peV/atom

K. Baberschke, Lecture Notes in Physics, Springer 580, 27 (2001)
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There are only 2 origins for MAE: 1) dipol-dipol interaction ~ (p,* r)(ft,*T) and ™~
2) spin-orbit coupling A L S (intrinsic K or AE,, )

Growth of artificial nanostructures
bce, fcc — tetragonal, trigonal

Tetragonal
T Ni(001)
= -3.20 a Nibuk=) A9A
& 32l/() . .,!_!.,,’_,’kg_'{ ( p )
S L LS

TV oV oV V.V."
R N N RN RN N N N N

l<a+¢g; >

Bain path
fcc - fct — bee c/a=1/42

c/a=1

500F
. 400}
5 a0
% zuu: / /L‘\
%10&_.% /y
x ﬂﬂsmmﬂmu
o | T
—o— SO0[110]

0.05¢

Orbital moment ( ug /atom)

bec 0.75 085 095 4o 105

c/a
Structural changes by ~ 0.05 A increase MAE by 2-3 orders «
magnitude (~0.2—100ueV/atom)

O. Hjortstam, K. B. et al. PRB 55, 15026 (°97)
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W. Platow et al. PRB 59, 12641 (1999)

full trilayer grows in fct structure
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R. Niinthel, PhD Thesis FUB 2003
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In a proper analysis, taking T/T(d) in consideration, we always find a linear K=K +2K¢/d dependence.
A departure from this “Néel argument” indicates changes in the x-tal structure
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SP-KKR calculation for rigit fcc and relaxed fct structures

layer resolved AE,=XK, at T=0

C. Uiberacker et al.,
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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 n-2 layers.
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Part II: Spin dynamics in hano-magnets: -
0]
« Element specific magnetizations and T’s in trilayers. TCCOW iy

« Interlayer exchange coupling and its T-dependence.

e  Gilbert damping versus magnon-magnon scattering.
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16



A whole variety of experiments on nanoscale magnets are available nowadays.
Unfortunately many of the data are analyzed using theoretical static mean field (MF) model,
¢. g. by assuming only magnetostatic interactions of multilayers, static exchange interaction,
or static interlayer exchange coupling (IEC), etc. We will show that such a mean field
ansatz 1s insufficient for nanoscale magnetism, 3 cases will be discussed to demonstrate the
importance of higher order spin-spin correlations in low dimensional magnets.

Spin-Spin correlation function ot <<S S ) >
Si Sj ~ <S| >SJ _ <S|_S| >SJ — <Si_Sj+>Si++ ¢ ® e

<— RPA —

The damping of spin motions in ultrathin films: Is the
Landau—Lifschitz—Gilbert phenomenology applicable? ™ Physica B 384, 147 (2006)

D.L. Mills**, Rodrigo Arias"
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1. Element specific magnetizations and T.’s in trilayers.

778.eV(L3) -
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A trilayer 1s a prototype to
study magnetic coupling in
multilayers.

What about element specific
Curie-temperatures ?

Two trivial limits: (1) d.,=0 = direct coupling like a N1-Co alloy
(1) d, = large = no coupling, like a mixed N1/Co powder

BUT de, *2ML = ?

Freie Universitiat Berlin
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Ferromagnetic trilayers
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M (arb. units)
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Enhanced spin fluctuations in 2D (theory)

P. Jensen et al. PRB 60 R14994 (1999) J.H. Wu et al. J. Phys.: Condens. Matter 12 (2000) 2847
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Single band Hubbard model:

(S7) S, mean field ansatz (Stoner model) is insufficient Simple Hartree-Fock (Stoner) ansatz is insufficient

to des crlbe spin dynamics at interfaces of nanostructures . . . .
Higher order correlations are needed to explain T-shift

Freie Universitat Berlin UNAM Mexico City 8. Feb. 2008



Evidence for giant spin fluctuations [A. Scherz et al. PRB, 73 54447 (2005)]
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2. Interlayer exchange coupling and its T-dependence.

= FMR — Cu/Ni/Cu/Ni/Cu(001) #)
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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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In-situ FMR in coupled films
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Temperature dependence of J,..., < A free energy

P. Bruno, PRB 52, 411 (1995) N.S. Almeida et al. PRL 75, 733 (1995)
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J. =J [ ] T,=Hv: / 2nked Jinter _Jinter,O [1 -(T/T¢) ]
inter inter,0 smh(T/TO) F
N i7CU9C02/CU(001) J. Lindner et al. (F62V5)50
PRL 88, 167206 (2002)
T=55K - 332K T=15K - 252K, TC=305K
- 150 —
- v.=2.8410cm/s | (T/Te)"
— ] ] = ) =5.310°cm/
E z 5100 N
s ] =
= . =350+
- -~ (T/T)*
0 2000 4000 6000 8000 0 0O 02 04 06 08
T3/2 (T/TC)3/2

Freie Universitat Berlin UNAM Mexico City 8. Feb. 2008 55



S. Schwieger, W. Nolting, PRB 69, 224413 (2004)

All contributions due to the spacer. interface and mag-
netic layvers. nevertheless give an effective power law de-
pendence on the temmperature:

(1)

JTy =1 AT", n= 1.5
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0.4 e
4 Jope= 50 MeV 7
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0.0 BE=—— ' '
1-0 T T 4
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rJ=-22.5 peV gAFM!"““--
06— i
im— 90 meV | | .
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T dependence of IEC

S. Schwieger et al., PRL 98, 57205 (2007)
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Jinter/ JO

The dominant role of thermal magnon excitation in the temperature dependence of
the interlayver exchange coupling: experimental verification

S. S. Kalarickal.* X. Y. Xu.t K. Lenz. W. Kuch, and K. Baherschke!

Inatitul fiv Frperimentalphysik, Freie Universitat Bevlin, Arnimalles 1, D-10195 Hevlin, Germany
PRB 75, 224429 (2007)
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3. Gilbert damping versus magnon-magnon scattering.

1834

IEEE TRANSACTIONS ON MAGNETICS. VOL. 34, NO. 4, JULY 1998

THEORY OF THE MAGNETIC DAMPING CONSTANT

Harry Suhl

Department of Physics, and Center for Magnetic Recording Research, Mail Code 0319,
University of California-San Diego, La Jolla, CA 92093-0319.

uniform motion

In nanoscale
magnetism path 2 has
been discussed very
very little.

dissipation to lattice

A o

4 fﬂ.”' f*ri L \
W o 77

spln waves

Mostly an effective
damping (path 1)
was modeled/fitted.

Freie Universitiat Berlin
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Landau-Lifshitz-Gilbert equation(1935)

dm dm
—=—-yMxH_, +oamx—

dt

Bloch-Bloembergen Equation (1956)

dm, m,—M;

=—y(mxH —
dt 7 ( off )z T

dm, , (mxH ) m,,
b — X . 5
dt 7/ eff /X,y -I-2

Gilbert damping
[M|=const.
M spirals on
a sphere into z-axis

spin-lattice relaxation
(longitudinal)

spin-spin relaxation
(transverse)
M,_=const.

Freie Universitiat Berlin

UNAM Mexico City 8. Feb. 2008
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FMR Linewidth

Landau-Lifshitz-Gilbert-Equation

1M _ _ G oM

y t = (MXHeff)+ ’Y_IVISQ_(MX 81: )
viscous damping,
energy dissipation

Gilbert-damping ~o

- Damping

2-magnon-scattering

R. Arias, and D.L. Mills, Phys. Rev. B 60, 7395 (1999);

D.L. Mills and S.M.. Rezende in
‘SpinDynamics in Confined Magnetic Structures °,

edt. by B. Hillebrands and K. Ounadjela, Springer Verlag

o (k)

Q< @

Opyr

Ky

AH(0) = ¥ Ms

[0 +(0,/2)*]"*- w,/2
[0+ (0,/2)] "+ ©,/2

AH?(@) = Farcsin\/

0, = v(2K,, - 4nM), y=(ug/h)g
K,, - uniaxial anisotropy constant
M - saturation magnetization

Which FMR-publication has checked (disproved) quantitatively this analytical function?

Freie Universitiat Berlin

UNAM Mexico City 8. Feb. 2008 .



Gilbert damping contribution:

linear in frequency

* two-magnon excitations (thin films):
non-linear frequency dependence

AH - magnon (@) = I arcsin

with @y = yM

R. Arias et al., PRB 60, 7395 (1999)

0* + (0 /2)* — @, /2
0>+ (@, /2) + @, /2

K. Lenz et al., PRB 73, 144424 (2006)

I T
200 . B o
AH 400} 40| -
. | e
| N 13 i
= @ § ]
o) 10 - = pmmem="D]
O ""-—gé - #” ’ -. = - 4
T 100° 1T 200} .
= 1 < ‘fr:ﬂﬂi’. P —=— FeyV, H||[1DD]!_
0 .D'ﬂg"' ik —o— Fe,V, H||[100]|
i 7 - o -o-- FeygVo H||[110] |
AGiber* Altinnom L o FeyVy HI110]
AH - : : : e Ay | '
'"0 7 inhomogeneous broadening 0 S & Fea¥s HHIOOW]
- . ' ' ' ' 0 20 100 150 200
0 20 40 60 80 f (GHz)
o /21 (GHz)
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K. B. Physica Status Solidi b 245, 174 (2008)

400

A'I:!DP(OG)

”—
-

——’
-

__—
-

HF FMR K. Lenz 4t al.
PRB 73, 144424 (2006)
O 1 I 1 1 1
0 50 100 150 200
f (GHz)
r v-I' G o AH,
koe) (10°s™y |10%sy (107 | (0e)
Fe4V2;H||[1OO] 0.270 50.0 0.26 1.26 0
Fe,V, ; HII[100] [0.139 26.1 |0.45 259 0
Fe Vs, ; HI[110] |0.150 27.9 |0.22 1.06 0O
Fe4V4;H||[11O] 0.045 8.4 0.77 4.44 0
Fe,V, ; HII[001] [0 0 076 438 58

« two-magnon scattering observed in
Fe/V superlattices -

 J. Lindner et al., PRB 68, 060102(R) (2003)

real relaxation — no inhomogeneous broadening
two-magnon damping dominates Gilbert damping
by two orders of magnitude:
1/T,~10°s? vs. 1/T,~107s?

recent publications with similar results:

— Pd/Fe on GaAs(001) — network of misfit
dislocations
G. Woltersdorf et al. PRB 69, 184417 (2004)
— NiMnSb films on InGaAs/InP
B. Heinrich et al. JAP 95, 7462 (2004)

Freie Universitit Berlin

UNAM Mexico City 8. Feb. 2008 -



Angular- and frequency-dependent

FMR
on
Fe;Si binary Heusler structures
epitaxially grown on MgO(001)
d =40nm
Kh. Zakeri et al.
PRB 76,104416 (2007)

Angular dependence at 9 and 24 GHZ
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Conclusion

For nanoscale ferromagnets :
* use the reduced temperature t=T/T
« the orbital magnetic moment is NO'T quenched

» the MAE may be larger by orders of magnitude

Higher order spin-spin correlations are important to explain the magnetism
of nanostructures.

In most cases a mean field model is insufficient.

A phenomenological effective Gilbert damping parameter

gives very little insight into the microscopic relaxation mechanism. It seems
to be more instructive to separate scattering mechanisms within the
magnetic subsystem from the dissipative scattering into the thermal bath

K. B. Handbook of Magnetism and Advanced Magnetic Materials, Vol. 3
Ed. Kronmiiller and Parkin, 2007 John Wiley & Sons, Ltd.

www.physik.fu-berlin.de/~bab

Freie Universitat Berlin UNAM Mexico City 8. Feb. 2008 24
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