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Reminiscent of particle in a box …

D = 20.5 nm, t = 0.21 nm

D
t

Hexagonal hole on 
Cu(111)

k does NOT vary continuously

Rodary, Sander, Liu, Zhao, Niebergall
Stepanyuk, Bruno, Kirschner
PRB 75 (2007) 233412.

Electron wave-vector quantization in a nanostructure



Dispersion Curve for the Confined System

discontinuous dispersion curve

quantization rule:

D
Cu(111)

Theory: LDOS

Niebergall, Rodary, Ding, Sander, 
Stepanyuk, Bruno, Kirschner 
PRB 74 (2006) 195436

Intensity of each 
eigenstate, 

extracted from FT

minima AND maxima 
in dI / dV spectra 

identify eigenstates

k jumps 
step-like
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Standing Waves on Co Islands

4

dI/dV Spectroscopy (22 x 22 nm, 1 nA)

Fourier-Transformation

-0.11 V +0.4 V +0.6 V+0.17 V

• similar behavior as on Cu vacancy islands
• superposition of states, 
• BUT attention: structural imperfections matter! (merging of islands)
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Co Island on Cu(111) – Wave-vector Quantization
Co island dispersion Where is D?

m*/me = 0.39 ± 0.06
E0= -0.11 ± 0.01 eV

Rastei, Heinrich, Limot, Ignatiev, 
Stepanyuk, Bruno, Bucher,
PRL 99, 246102 (2007) 

Pietzsch, Okatov, Kubetzka, Bode, 
Heinze, Lichtenstein, Wiesendanger,
PRL 96, 237203 (2006)

Characteristic Length vs. 
Different electronic structure 

at the rim

Structural Relaxation? Electronic rim state?
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Slope = � /D
15.1±0.2 nm
12.4±0.2 nm

D = 15.1nm
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It’s almost the height! (� Cu nano structures)

14.8 nm

D = 12.4nm
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Tunneling between two ferromagnetic electrodes

Calculated DOS of bulk bcc Fe, spin-resolved
Magnetismus, IFF Ferienschule, chapter 18

Structure in DOS mainly due to 3d states

energy

DOS DOS

E Fermi

tip sample

M tip parallel M sample M tip antiparallel M sample

tip sample

Tunneling current depends on relative orientation of M

Large I tunnel Small I tunnel

(P-state) (AP-state)

-the working principle of spin-STM-



-1.1 T

MTMS

dI/dV-Asymmetry ====
dI/dVAP ++++ dI/dVP

dI/dVAP ---- dI/dVP

>Ã>Ã>Ã>ÃSpin polarization *2
STM image
Vs = -0.1 V, I = 1.0 nA
15 x 15 nm2

Parallel (P) state

Anti-parallel (AP) state

Vs = +0.04 V

*2 D. Wortmann, S. Heinze, Ph. Kurz, G. Bihlmayer, 
S. Blügel, PRL 86, 4132 (2001). 
M. Bode, Rep. Prog. Phys. 66, 523 (2003).

Inner part of the island shows a strong 
modulation pattern in the dI/dV asymmetry map.

The sign of dI/dV asymmetry within inner part is 
opposite to that around rim of the island due to “a 
rim state” *3.
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Calculated spin-resolved LDOS
(4 Å above a 2 AL Co film on Cu(111))

Vs = +0.24 VVs = +0.03 V Vs = +0.31 V
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Spatial modulation of the spin polarization

E = 4 meV E = 240 meV

The Cu(111) surface shows a modulated spin-polariza tion!

Neighboring islands

3 nm 3 nm



spin-modulation techniques

perpendicular in-plane

W. Wulfhekel, J. Kirschner 
Appl. Phys. Lett. 75, 1944 (1999)



� -Mn on Fe(100)
C. L. Gao, U. Schlickum, W. Wulfhekel, J. Kirschner
PRL 98, 107203 (2007)



Bias dependence

� Change of the spin unit cell: c(2x2) or p(2x2): spatial non-collinearity

� Change of the spin orientation:  [010] or [110]: energy non-collinearity



In-plane spin polarization               

� Anisotropy: out-of-plane preferred, out-of-Mn-sheets preferred
� Assuming out-of-plane magnetization:

without spin-orbit coupling or reconstruction, no in-plane components
with spin-orbit coupling and reconstruction, in-plane components are nonzero 

--A. Ernst and J. Henk, MPI



W tip,   blue:4K; green:77K

Cu(111)

77K

Fe(100)



W tip, 4 K
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