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Few words about Yekaterinburg

Russian Federation

Church on Blood 

Yekaterinburg arena

Ural Federal University (founded in 1920)

Yekaterinburg is one of the largest cities of Russia with population ~1.5 million 
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Control of magnetic interaction

Heisenberg Hamiltonian 

Jij controls magnetic order!

R.V. Mikhaylovskiy et al. Nat. Commun. 6, 8190 (2015). 

Ultrafast optical modification Optical lattices

S. Trotzky et al. Science 319, 295 (2008).
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Scanning tunneling microscope (STM)

STM in Radboud University

How can we modify exchange 
couplings between atoms on 

surface using STM?
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Scanning tunneling microscope (STM)

STM in Radboud University

How can we modify exchange 
couplings between atoms on 

surface using STM?

Suppose, we have atoms on metallic 
substrate. In this case they interact via 
i n d i r e c t m e c h a n i s m k n o w n a s 
Ruderman-Kittel-Kasuya-Yoshida 
(RKKY): 

Fermi wave vector
Distance between atoms
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Scanning tunneling microscope (STM)

STM in Radboud University A. A. Khajetoorians et al.,  Nat. Phys. 8, 497 (2012). 

Fe on Cu(111) surface
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Scanning tunneling microscope (STM)

STM in Radboud University A. A. Khajetoorians et al.,  Nat. Phys. 8, 497 (2012). 

Fe on Cu(111) surface

How can we modify exchange 
couplings between atoms on 

surface using STM?

Suppose, we have atoms on metallic 
substrate. In this case they interact via 
i n d i r e c t m e c h a n i s m k n o w n a s 
Ruderman-Kittel-Kasuya-Yoshida 
(RKKY): 

Fermi wave vector
Distance between atoms

Tailoring distance between 
atoms, one can modulate  

exchange interactions.
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Example: Co on BP surface

Cobalt atoms on black phosphorus surface
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Example: Co on BP surface

Cobalt atoms on black phosphorus surface

Hollow
Top

Top

Hollow (High) Hollow (Low)

Two stable states for cobalt atom in hollow positions!
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These states are reversible!

Example: Co on BP surface

6/11



These states are reversible!

Isolated cobalt atom

3d74s2

3d94s0

S = 3/2

S = 1/2
εs

εd

εd

εs

U 2JН

E(d7) = 7εd + 2εs + 2U + 11JН

E(d9) = 9εd + 0εs + 4U + 16JН

ΔE ~ 5JН - 2U

Example: Co on BP surface

On-site Coulomb U controls 
spin state of Co atom
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DFT+U calculations of Co/PB

These states are reversible!

High Low

d (Å) 1.37 1.01

mtot (µB) 2.37 1.00

nd 7.819 8.266

ns 0.310 0.254

Isolated cobalt atom

3d74s2

3d94s0

S = 3/2

S = 1/2
εs

εd

εd

εs

U

Example: Co on BP surface

On-site Coulomb U controls 
spin state of Co atom
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2JН

E(d7) = 7εd + 2εs + 2U + 11JН

E(d9) = 9εd + 0εs + 4U + 16JН

ΔE ~ 5JН - 2U



New approach

Let’s consider  two cobalt atoms (dimer) on hollow positions

Directly via superexchange

Indirectly through the substrate
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To simulate high and low spin states we utilize DFT+U method

Kohn-Sham equations (DFT)

W. Kohn and L. J. Sham, Phys. Rev. 
140, A1133 (1965)

+U correction

V. I. Anisimov, J. Zaanen, O. K. Andersen,  Phys. Rev. B 44 943 (1991). 

U = 0 eV; — low spin state;

U = 4 eV; — high spin state;
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New approach

Let’s consider  two cobalt atoms (dimer) on hollow positions

J12 = (EFM - EAFM)/2S1S2

S = 1/2 for low spin 
S = 1 for high spin

Directly via superexchange

Indirectly through the substrate

Reminds RKKY 
oscillations 

J12 gradually decreases 
along armchair direction

The most interesting regime can be seen for nn dimer along armchair direction:  
J12(HH) — FM, J12(LL) — AFM, J12(HL) is comparably weak
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Two impurity model

Summary of two nn cobalt atoms along armchair direction
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Two impurity model

Summary of two nn cobalt atoms along armchair direction

We use an effective two impurity model to study the 
influence of different hybridization regimes:

Hybridization Vh controls interaction of impurities with substrate

Tight binding model of pristine BP monolayer 

A.N. Rudenko et al., PRB 92, 085419 (2015)

Two impurities interact via direct hopping term t:
half-filled case!
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Two impurity model

Summary of two nn cobalt atoms along armchair direction

We use an effective two impurity model to study the 
influence of different hybridization regimes:

Tight binding model of pristine BP monolayer 

Two impurities interact via direct hopping term t:

Hybridization Vh controls interaction of impurities with substrate

A.N. Rudenko et al., PRB 92, 085419 (2015)

half-filled case!

A.I. Liechtenstein et al.,  JMMM 67, 65 (1987). 

Depending on Vh, t, E0 and Δ parameters, we can calculate J12
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Two impurity model

Spin splitting parameter is set to Δ = 1 eV

J12 = 4t2/Δ
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Two impurity model

Spin splitting parameter is set to Δ = 1 eV

J12 = 4t2/Δ

Returning to our situation

t(HH) ~ t(HL) ~ t(LL)
Vh(HH) < Vh(LL)

Stronger hybridization with substrate is responsible for 
FM coupling in case of LL spin state. HH has weaker 
hybridization, which results to AFM interaction

HL state has the competing FM and AFM contributions, 
which reduce exchange interaction 
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Possible experimental verification

Inelastic electron tunnel spectroscopy  (IETS) can directly resolve 
the strength of magnetic interaction between surface adatoms. 

J. Fernandez-Rossier, Phys. Rev. Lett. 102, 256802 (2009). 

|M⟩ - eigenvectors 
       - eigenvalues

Spin selection rules
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Possible experimental verification

Inelastic electron tunnel spectroscopy  (IETS) can directly resolve 
the strength of magnetic interaction between surface adatoms. 

J. Fernandez-Rossier, Phys. Rev. Lett. 102, 256802 (2009). 

|M⟩ - eigenvectors 
       - eigenvalues

Spin selection rules

J = 4.8 meVJ = -51.2 meV
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Possible experimental verification

Inelastic electron tunnel spectroscopy  (IETS) can directly resolve 
the strength of magnetic interaction between surface adatoms. 

J. Fernandez-Rossier, Phys. Rev. Lett. 102, 256802 (2009). 

|M⟩ - eigenvectors 
       - eigenvalues

Spin selection rules

J = 13.3 meVJ = 4.8 meVJ = -51.2 meV
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J

Three different spin states of cobalt dimer on 
BP exhibit distinct conductance spectra, and can 
be resolved experimentally.  



Summary

Field-induced repopulation not only affects the spin state of Co atoms on BP, but also leads to modification of exchange 
interaction between them. It does not require relocation of adatoms in opposite to RKKY method of modulation.
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Summary

Field-induced repopulation not only affects the spin state of Co atoms on BP, but also leads to modification of exchange 
interaction between them. It does not require relocation of adatoms in opposite to RKKY method of modulation.

Thanks for your attention!
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