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1. Introduction  (tutor ial)

2. Magnetic Anisotropy Energy (MAE)

3. Orbital magnetic moment µL

(which technique measures what?)

Magnetic anisotropyMagnetic anisotropy andand
orbital orbital magnetismmagnetism
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1.  Introduction

LZ • SZ

+λL • S

L± • S+
_

The orbital moment is quenched 
in cubic symmetry

�2- �LZ �2-� = 0,

but not for tetragonal symmetry
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Orbital magnetism in second order perturbation theory

H '= µBH•L + λL •S

anisotropic µL ↔ MAE

ξξξξLSMAE ∝ ∆µL4µB

Bruno (‘89)
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1. Magnetic anisotropy energy = f(T)

2. Anisotropic magnetic moment ≠ f(T)  

≈ 1µeV/atom is very small compared to
≈ 10 eV/atom total energy but all important

Characteristic energies of metallic ferromagnets

binding energy            1 - 10 eV/atom

exchange energy         10 - 103 meV/atom

cubic MAE (Ni)          0.2 µeV/atom

uniaxial MAE (Co)     70 µeV/atom

Magnetic Anisotropy Energy (MAE)
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Spin reor ientation in bulk Gd

Gd ist not isotropic, it has K2, K4, K6 ≠ 0

Note also finite MAE aboveTC
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Spin reor ientation in bulk Ni und Co

T/T ~0.8C~

Ni
fcc

At the extremal valueof K2
a reorientation and second
maximum in χ appears

LB III, 19a, p.45

SRT for hcp Co
sinθ = (K2/2K4)

1/2
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tetragonal [e.g. Ni, Co, Fe (001) / Cu (001) ]:  

hexagonal [e.g. Ni (111), Gd (0001) / W (110) ]: 

Ehex = k2 sin2θθθθ + 1/2k2�������� cos2ϕ sin2θ + k4 sin4θθθθ + k6⊥⊥⊥⊥ sin6θθθθ + k6�������� cos6ϕϕϕϕ sin6θθθθ + ... 

K = k2Y2
0 + k4mY4

m+ ... Legendre polyn.  (B. Coqblin) 

each Ki has a „ volume“  and „ surface“  contribution 

 Ki = Ki
v + 2Ki

s/d 

Free energy density of MAE, K

(intrinsic, after substraction of 2πM2)

Etetr = - K2 ααααz
2   - 1/2 K4⊥⊥⊥⊥ ααααz

4 -1/2 K4�������� (ααααx
4 + ααααy

4) + ...  (B.Heinrich et al.) 

    = - K2 cos2θθθθ   - 1/2 K4⊥⊥⊥⊥ cos4θθθθ -1/2 K4�������� 
1/4 (3+cos4ϕϕϕϕ) sin4θθθθ + ...  (Bab et al.) 

    =  (K2 + K4⊥⊥⊥⊥) sin2θθθθ  - 1/2 ( K4⊥⊥⊥⊥ + 3/4 K4��������) sin4θθθθ -1/8 K4�������� cos4ϕϕϕϕ sin4θθθθ + ... 

    = K2
’ sin2θθθθ   + K4⊥⊥⊥⊥sin4θθθθ + K4��������cos4ϕϕϕϕ sin4θθθθ + ...     (traditional) 
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2.  Magnetic Anisotropy Energy (MAE) in ultra thin films

O. Hjortstam, K. B. et al. PRB 55, 15026  (’97)

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

R. Wu et al. JMMM 170, 103 (’97)

There are only 2 origins for MAE:  1) dipol-dipol interaction ∼ ( �

1• r)( �

2• r) and
2) spin-orbit coupling 

�

L S (intrinsic K or ∆Eband)

Growth of artificial nanostructures
bcc, fcc → tetragonal, trigonal 

Bain path

a + εεεε1

c + εεεε2

fcc Cu(001) substrate (ap=2.55Å)

εεεε1= +2.5%

εεεε2= -3.2%

tetragonal
Ni(001)
(ap

Ni bulk=2.49Å)
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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

thermocouple

lHe cryostat

sample

electromagnet

UHV

cavity

FMR in ferromagnetic nanostructure

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

W. Platow,
Ph.D. thesis 
(1999)
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Landau-Lifshitz-Gilbert-Equation 

Magnetic resonance (ESR, FMR)
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Determination of g-Tensor  components
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For thin films theCur ie temperature can be manipulated

thickness (ML)
0 5 10

0

200

400

600

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)

t=T/TC(d)

vacuum

substrate

KS2

KS1

KV

ε2= -3.2%

ε1= +2.5%
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2πM2(t=0.79)

0.79Gd(001)/W(110)

G. André et al., Surface Science 326, 275 (1995)
K. Baberschke and M. Farle, J. Appl. Phys. 81, 5038 (1997)
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M. Farle et al., Surf. Sci. 439, 146 (1999)

K is temperature dependent ���� K (T/TC)

1/d (1/ML)

I f d changes also TC(d) shifts
taking this into consideration we found for  all systems a  1/d dependence
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M. Farle et al., PRB 55, 3708 (1997)

A. Berghaus, M. Farle, Yi Li, K. Baberschke
Absolute determ. of the mag. anisotropy of ultrathin
Gd and Ni/W(110).
Second Intern. Workshop on the Magnetic Properties of 
Low-Dimensional Systems.
San Luis Potosi, Mexico, Proc. in Physics 50, 61 (1989)
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The surfaceand interfaceMAE are certainly
large (L. Néel, 1954) but count only for one
layer each. The inner part (volume) of a nano-
structurewill overcome this, because they
count for n-2 layers.

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

SP-KKR calculation for  r igit fcc and relaxed fct structures

R. Hammerling et al.,
PRB 68, 092406 (2003)
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Summary of Chap. 2

• Historical names like „crystalline“  or „magnetoelastic“  anisotropy energy should not
be used in nanostructures. It is all SO interaction, or better, a fully relativistic treatment 
(full potential, etc.).

• Atoms at edges, steps have different K-values.

• Small changes in the local structure ∼ few/100 Å may change the MAE dramatically.

• In most cases K depends on the reduced temperature t=T/TC(d).

• The experiments measure in most cases the sum of dipole and intrinsic (bandstructure) K.

• The dipole term may not be 2πM2 (see PhD thesis, Farle1989).
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3.   Orbital magnetic moment µL

Which technique measures what?

µL / µS in UHV-FMR

µL , µS in UHV-XMCD

µL + µS in UHV-SQUID

per definition:

1) spin moments are isotropic

2) also exchange coupling J S1·S2 is isotropic

3) so called anisotropic exchange is a (hidden)
projection of the orbital momentum onto
spin space
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Yi Li, K. B.,  PRL 68, 1208 (1992) Th.v. Waldkirch, K.A. Müller, W. Berlinger,  PRB (1973)

Fe3+-VO/
SrTiO3

FMR/ESR line witdth at the phase transition
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Thermodynamics of thin fer romagnetic films in …

Spin wave branches = }][{
2
1 22

0 Nd
kD II

πω ++

“A cri terion for a crossover from quasi 2D to 3D is…”

dkT

D
NC

π⋅= �

Ni: hD ≈ 4 10-1 eVÅ2 ; d= 2.03Å

T = 300 ~ 500 K � NC ≈ 6 – 5 layers

d: spacing
N: layers

D: stiffness const.

R.P. Erickson & D.L. Mills PRB 44, 11825 (91)
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A.N. Anisimov et al., Phys. Rev. Lett. 82, 2390 (1999)
A. Scherz et al., Phys. Rev. B 64, 180407(R) (2001)

H0|| [110], T=296K H0|| [110], T=50K
g||,[110]

FMR in Fen/Vm super lattices
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Ferromagnetic resonanceon Fen/Vm(001) super lattices
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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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A. Scherz et al., XAFS XII June 2003 Sweden, Physica Scripta;
A. Scherz et al., BESSY Highlights p. 8 (2002)

L3,2 XAS and XMCD of 3d TM‘s
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X-ray Magnetic Circular  Dichroism
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Orbital and spin magnetic moments deduced from XMCD
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Giant Magn. Anisotropy of Single
Co Atoms and Nanopar ticles

P. Gambardellaet al., Science 300, 1130 (2003)

Induced magnetism in molecules

T. Yokoyamaet al., PRB 62, 14191 (2000)

n = number of atoms
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Design of theUHV-SQUID magnetometer
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Sensitivity
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Hjortstam et al., PRB 53, 9204 (1996)
Pentchevaet al., PRB 61, 2211 (2000)

Theory:

A. Ney et al.
Europhys. Lett. 54, 820 (2001)

UHV-SQUID measurements
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SQUID data deconvolution into spin (µS) and orbital (µL) moments

The total magnetic moment (squares) of Co/Cu(001) vs the inverse film thicknessand its separation
into spin (down triangle) and orbital (diamonds) contribution. The bulk value is indicated (dashed line)
For comparison experimental results using PND and XMCD are given by the open symbols. 

http://www.dissertation.de/PDF/an452.pdf
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The effect of temperature
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(dashed line) are indicated.
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Deconvolution into spin (µS) and orbital (µL) moments

The total magnetic moment (squares) of Co/Cu(001) vs the inverse film thicknessand its separation

into spin (down triangle) and orbital (diamonds) contribution. The bulk value is indicated (dashed line).

For comparison experimental results using PND and XMCD are given by the open symbols. 

0.0 0.1 0.2 0.3 0.4 0.5

0.15

0.20

0.25

1.6

1.8

2.0

Theory for 2 M L

XMCDPND

µ tot
µ S
µ L

µ
(µ

B
/a

to
m

)

1/d (1/ML)

2
d (ML)

3451020

http://www.dissertation.de/PDF/an452.pdf
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O. Hjortstam, K. B. et al. PRB 55, 15026  (’97)

MAE
B

L= −α λ
µ4

∆µThe equ. (Bruno `89)

isnot strictly a linear relation

Combination of MAE and ∆∆∆∆µL



Freie Universität Berlin WE-Heraeus-Ferienkurs, Halle, 16. Sept. 2004         
36

Summary of Chap. 3

• Different experiments measure different moments (µL and/or µS).
Not every number is a “spin moment“ .

• FMR was little used, but determines unambiguously the ratio µL/µS (-if possible!).

• XMCD did use the sum rules very intensely. However, if one looks for small
contributions of µL there are several pitfalls. 

• To look at ∆µL is even worse. At present there is still a mystery: if XMCD measures
∆µL and calculates from this (via „Bruno formula“ ) the MAE, it becomes  in most
cases to large  by a factor  30.

• SQUID measures in absolute units. But how do we normalize to moments / ion ?
Apparent enhanced moments appear if a fraction of the ions in a nanocluster do not 
contribute to the magnetization (oxidized, etc.)
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Zusatz: 

1) „magnetisches Moment“ /Atom, gemessen in µB, ist temperaturunabhängig.

2) Magnetisierung M=Σµi ; maximaler Wert = Sättigungsmagnetisierung
M ist f(T) und verschwindet bei TC, TN .

3) µ setzt sich aus µL und µS zusammen, µS ist isotrop, µL anisotrop (nicht sphärische
Ladungsverteilung, Bahndrehimpuls) in Festkörper g-Tensor.

4) Aus 3) resultiert MAE, (makroskopisch: Koerzitivfeldstärke).
Es gibt (nach meiner Kenntnis) keinen isotropen Heisenberg
Ferromagneten – mindestens tritt die anisotrope Dipol-Dipol Ww. auf.

5)           ist isotrop, koppelt nicht an den Ortsraum.                           koppelt an   
und ist in der Regel anisotrop (siehe                 ).

* ) bei sogenannten anisotropen Austausch ist    via               in einem effectiven Spinraum
projeziert                          

21 SSJ ⋅ ))(( 21 rr ⋅⋅ µµ r
prl ×=

l sl ⋅λ


