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|. First-principles material design

Spin waves and Stoner excitations in solids
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|. First-principles material design

Magnon creation mechanism in inelastic STM

Tip Sample v

Experiment: Wulf Wulfhekel et al
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|. First-principles material design

Spin wave dispersion
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Adiabatic spin wave calculations with HUTSEPOT
Phys. Rev. Lett. 101, 167201 (2008)
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|. First-principles material design

SPEELS: Spin Polarized Electron Energy Loss Spectroscopy

[ M. Phihal, D.L. Mills and J. Kirschner, Phys. Rev. Lett. 82, 2579 (1999).
[ R. Vollmer, et al., Phys. Rev. Lett. 91, 147201 (2003).
[ H. Ibach, et al., Rev. Sci. Instrum., 74, 4089 (2003) .
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|. First-principles material design

Incoming spin state: [o)=[{)= @ : —

Incoming spin state: |o)=|1)= & : —
Magnon creation

Magnon annihilation g 3
$ $ ; pd
\/ EE x4

Energy gain [meV] 0 Energy loss [meV]

A magnon carries a total angular momentum of 1 7

@ The magnon annihilation process is allowed for incident elec-

trons of majority character
@ The magnon creation process is allowed for incident electrons

of minority character
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Green function method

Parameter free simulations of realistic materials

Ab-initio Kohn-Sham approach

e Wave function equation

|:6 + 2hrj”IV2 = Veff(r):| Y(r,e) =0

@ Green function equation

= P ve Var ()] 60.¥'52) = e 1)

Korringa (1947), Kohn & Rostoker (1954)

o Dyson equation
G = Gy + GyAVer G

AVegr = Vg — V%
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Green function method
Explicit Green function for various systems

e Bulk

Ghulk = Gfree + Grree Vefr Gbulk
@ Surfaces & interfaces

Gsurf = Gpuik + Gouik A Verr Gsurr

Wildberger et al. (1997), Uiberacker et al. (1998)

@ Defects in bulk & surfaces

Gcluster = Ghost + GhostA Veff Gcluster

Zeller & Dederichs (1979)
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Method: Coherent potential approximation

Alloys and pseudo-alloys
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Coherent potential approximation

Soven (1967), Gyérffy (1972)

CPA equation for a binary alloy: c4Ga+cgGg = G¢
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Nonlocal CPA: Charge and Spin-Fluctuations

D. A. Rowlands, A. Ernst, J. B. Staunton, B. L. Gyérffy, PRB 73, 165122 (2006)
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Method: short summary

Green-Funktion-Methode

Explicit Green Function
Dimensions: 1D, 2D, 3D & Cluster
O(N) method

CPA for disordered alloys

multi-code approach: crystalline structure from VASP or
experiments
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|. First-principles material design

Exchange interaction and spin waves in
adiabatic approximation

Heisenberg Model: H —__ZJU é-¢,

l:tj

Exchange mtegrals Liechtenstein et al, 1984 Q A
Jy=— j de A (&) (O, (e)rf (2) )16 ¢

Mean-field critical temperature: k7" = ZJOJ

j#()

Magnetization and critical temperature in the RPA

Ny @ =08, 0, 0)(&)~()7,5@
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|. First-principles material design

Linear response theory in the DFT

Change of the magnetization via an applied magnetic field B(q; w):
om(q; w) = x(q; w)B(q; w)

Transverse susceptibility:

+ H.c.

) — (0l (a)Li) (ilo~(—a)0)
X (qiw) = —; w—( — Eo) + 10+

Singularities of the susceptibility define magnons and their lifetime
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|. First-principles material design

Linear response theory in the DFT

Calculation of the transverse susceptibility:

o Pauli susceptibility (non-interactive):

P (x)pm(XB) P (X'7) Pr (XS
Xy (x, % w) = Zaaﬁ fn) —X w+(€k_€m)+,-0i

@ Dyson equation for the transverse susceptibility:

x(x, x5 w) = xo(x,x’; w)

//dX1dX2><o(x,X1;w)&c(X1,X2;w)x(XQ,X’;w)

tl) _ Bx((xit))

with the Kernel f.(x,x’;t —t') = Bm(x ')

E.K.U. Gross & W. Kohn, (1985)
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|. First-principles material design

Paramagnetic susceptibility

Static spin susceptibility-
B
//{ _:ul I/ Zslk //{k]

Direct correlation function for the Iocal moments:

generalized grand potential
(2) _ o <Q
oMM, o

magnetization

Fourier transformed paramagnetic susceptibility

- 1/3Bu?
= CPA-KKR Probl
" 1_1/3/}8(2)@/ e
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|. First-principles material design

Adiabatic calculations of spin waves
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|. First-principles material design

Dynamical calculations of spin waves

Bulk bec Fe
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|. First-principles material design

Dynamical calculations of spin waves

Examples of spin-flip spectra in Fe for different momenta along
(100) direction
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|. First-principles material design

Dynamical calculations of spin waves

Spin waves in Fe: Adiabatic & Dynamical approaches
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|. First-principles material design

Dynamical calculations of spin waves

Spin waves in hcp Co: Adiabatic & Dynamical approaches
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|. First-principles material design

Dynamical calculations of spin waves

Spin waves in fcc Ni: Adiabatic & Dynamical approaches

; 800 STSM bulk fee Ni
<L N
=600
= {'*
jas
£ 400
= /
= MFT
S 200
3
0 r X r L

q = [0.63,0.63,0] (27/a)

enhanced

A. Ernst, MPI Halle Magnetism from first-principles



Il. Spin waves in thin films
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[I. Spin waves in thin films

Magnons in systems with a reduce symmetry

Lifetime of magnons
Role of the substrate

Support experiments

Life time broadening of spin waves in 3 ML Fe/ Cu(001)

arbit. units

E - Ef (eV)

Energy ho (eV)
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[I. Spin waves in thin films

Fe films on Cu(001) & W(110)
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[I. Spin waves in thin films

Landau damping of magnons in Fe films
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[I. Spin waves in thin films

Co films on Cu(001)
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[I. Spin waves in thin films

Ni films on Cu(001)
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[I. Spin waves in thin films

Ni films on Cu(001)

Landau complexes
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[I. Spin waves in thin films

Fe films on W(110) and Au/W(110

2 — T —
— | (a) El _ 150~ (a) Experiment: H
- —— E T = > [ O 2Fe/W(110) j
= lJ £ 08 2 g F @ 2Fc/2AWW(110) 1
5 AL _g oy | 2 g,] 100 = bee(110) —_K
=} 2 T SL 5 F 1
= - Magnetic field (kOc] | ~ 5 5 ]
2 2 2 sof —K-
3 ] g [ :
E &u 5 3 fee(111) = 1
A oL N SR IR B
_ aun _ 200F Gy e 1 H
z ®) > : 2 Fe/W(110), relaxed y e
g E 150F
o E
g 04r ? F b
= 5 100F J
3 = C b
2 (=} F 4
g K - 4
;2) 0.2 § sob E
-} 2 E ]
& 5] E b
2 ool 0 eSS, |, ]
0 l: 0.2 0.4 0.6 0.8 1.0
Energy Loss [meV] Wave-vector [A™]

Motivation: Spin wave design
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[I. Spin waves in thin films

Fe films on W(110) and Au/W(110
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[I. Spin waves in thin films

Fe films on W(110) and Au/W(110

DOS [states/eV]

Density of states of Fe film on W(110) and Au/W(110)
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[I. Spin waves in thin films

Fe films on Ir(001)

i f
&K oK

@ Magnon softening in Fe films
on Ir(001)

@ Structure or origin of magnons

@ Interpretation of experiment
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[I. Spin waves in thin films

Fe films on Ir(001)

Simple model: An infinite array of coupled oscillators
Classical analog of magnons: Excitations in coupled oscillators

299099 @e@
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[I. Spin waves in thin films

Fe films on Ir(001)

Magnons: Experiment
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[I. Spin waves in thin films

Fe films on Ir(001)

Magnons: Experiment & Theory
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[I. Spin waves in thin films

Fe films on Ir(001)

Layer-resolved transverse susceptibility

Excitation Energy [meV]

Interface mode Surface mode Free standing 6ML Fe
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[I. Spin waves in thin films

Fe films on Ir(001)

Exchange interaction in 6ML Fe/Ir(001)
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Summary & Outlook

Results

@ First-principles design of spin waves is possible

@ Spin wave lifetime is related to the interaction of spin waves
with the Stoner continuum

@ Spin waves in thin films can be affected by the substrate
Future
@ Relativistic extension of the code

@ Coherent potential approximation for the susceptibility

@ Electron-magnon interaction
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