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Role of first principles calculations in materials design

*Quantum mechanics ! in[a[aalea[oafon[a] s [we]zm[an]sn[salea[m]
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Goal: Prediction of material properties
from the periodic table

First principles calculations
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Electrons in crystal
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Band structures of transition-metals Magnetism in transition metals
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Band structures and spin polarization in transition metal monolayers

Ferromagnetism in transition metal monolayers

LDA results
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First principles calculations of MCA energy Perturbation method of MCA energy
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Perpendicular MCA
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R. Wu, A.J. Freeman, J. Magn. Magn. Mater.

200, 498(1999)

Effect of substrates to MCA in transition metal monolayers

Substrate

Table 2
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il

System Method B
Co/Cul001) FLAPW-LDA - 03
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Perpendicular MCA Q-RL[41] — &1
SKKR-LIVA-LIR [47] — 03
bbdddd 7
* e C/CaCu0 0 1) —om
. + 0%
SKER-LDALR [45] I 085

Experiment [35] +01
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e Co/Pdil 1 1) FLAPW-LDA-ST-RL [76] 4025
S P/ CoyPdi 01§ IR [118] +0%
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S 2N Cwi b 1) +033
S 3N 1) b 0%
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R Wu, AJ. Freeman, J. Magn. ¢ Fe/Auihi 1) FLAFW.L 77 + 057
Magn. Mater. 200, 498(1999) SKKR-LDA [123] + 0.5

Perpendicular MCA at Fe/MgO(001) interface: Theory
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A perpendicular-anisotropy CoFeB-MgO
magnetic tunnel junction
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Figure 2 | in-plane and cut-of-plane magnetization curves for

Large parpendicular magnetic anisotropy at Fe/MgO intertace
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Control of MCA by tuning atomic-layer alignments

Interfaces, superlattices, multilayers
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E-field-induced modification of magnetocrystalline anisotropy

Experiment

Pt/Co/Gd, O, 819
Giant E-field effects

Au/FeCo/MgO (61171
Demonstration of switching

FePt/Ionic riquid (! over 5000 fJ/Vm

First observation

2012 2014

2016

Theory

I 3d transition-metal surfacesml

|3d transition-metal monolayers[3]| é \l Ic

Pt/Fe/Pt (001)14)

[1]1M. Weisheit, et al., Science 315, 349 (2007). [5] T. Maruyama, et al., Nat. Nanotech. 4, 158 (2009).

[21C.-G. Duan, etal.. Phys. Rev. Lett. 101, 137201 (2008).[6] T. Nozaki, et al., Appl. Phys. Lett. 96, 022506 (2010).[9] U. Baver, etal., Nat. Mater., 14, 174 (2015).
[3] K. Nakamura, et al., Phys. Rev. Lett. 102, 187201 (2009).[7] Y. Shiota, etal., Nat. mater. 11, 39 (2010). [10] T. Nozaki, et al., Phys. Rev. Appl. 5, 044006 (2016).
4] M. Tsujikawa et al._Phys. Rev. Lett. 102, 247203 (2009).[8] Chong B, etal., Phys. Rev. Lett. 113, 267202 (2014).

Control of magnetism of metal thin films by electric field

» Magnetocrystalline anisotropy (MCA) Magnetocrystalline anisotropy
Weisheit ct.al., Science 315,349 (2007) 4
Maruyama et.al., Nature Nanotech. 4, 349 (2009)
Duan et.al., PRL101, 137201 (2008)
Nakamura et.al., PRL102, 187201 (2009); PRB 80, 172402 (2009)}
Tsujikawa et.al., PRL102, (2009)

MgO/Fe/Au(001)

[+ Positive

' Voltage

» Curie temperature (T) e -
Chiba et.al., Nat. Mater. 10, 853-856 (2011) \

Oba et.al., PRL114, 107202 (2015)
o et @13 Maruyama et.al., Nature Nanotech. 4, 349 (2009)

» Dzyaloshinskii-Moriya interaction (DMI)
Nawaoka et.al.. Appl. Phys. Express 8, 063004(2015)
Nakamura ctal., (2015)

Curie temperatures
rw,-o CoPi(111)

» Magnetic moments
Obinata etal., Sci. Rep. 5, 14303 (2015)

» Magneto-optical conductivity
Hibino et.al., (2015)
Nakamura et.al., J. Korean Phys. Soc. 63,612 (2013)

Chiba et.al., Nat. Mater. 10, 853-856 (2011)

» Magnetic dumping

Okada et.al., Appl. Phys. Lett. 105, 052415 (2014)

» Magnetic phase-transition (bcc Fe vs fce Fe)
Gerhard et.al., Nat. Nanotech., 5, 792 (2010)

> etc.

Electric-field-induced charges at surfaces

»Redistribution in charge/spin densities at surfaces/interfaces by E-field.
Duan et.al., PRL101, 137201 (2008),
Nakamura et.al., PRL102, 187201 (2009); PRB 80, 172402 (2009),
Tsujikawa etal., PRL102, (2009).
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Modificati / at MgO/Fe interface omparison to experiments
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Nozaiki etal., Appl. Phys. Express 6, 123001 (2013) Obactal, PRLII4, 107202 2015) g~ e e
Shimabukuro, Physica F , 42, 1014 (2010) @ i)

Summary
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Artificial multilayer magnetic properties
thin-films N
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Key ideas for PMCA
« Interface-induced PMCA » Crystal structures and atomic arrangements

i . » The number of valence electrons
* Atomlc-Ia.yer.-allgnm.ent-tuned > Eigenvalues and eigenstates of s, p, d, f orbitals
PMA (artificial multilayers) > d-d (d-sp) hybridization




