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IRON GW CALCULATION
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OVERVIEW

* Many-body spin excitations

» Magnetic response function / T matrix
» Bethe-Salpeter equation
» Implementation (Wannier functions)

w (eV)

« Examples
» Goldstone violation

 Electron-magnon scattering

« lteration of Hedin equations (GWT self-energy)

* Results for iron
« comparison to DMFT and experiment
« lifetime broadening, renormalizations, band anomalies
* violation of causality (GT)
* magnetic moments, d-band width, exchange splittings

* Conclusions
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MAGNETIC RESPONSE FUNCTION 'J

Response of the magnetization (electronic) density with respect to changes
of the external magnetic (electric) field:

Spin-orbit coupling neglected

(SO'J_,(‘r,t) 60;1.'(r?t) 0 0
6B (r',1) 8By, (r't")
do,, (r,t) oo, (r,t) 0 0
. OB, (r' .t 0B, (r' t’
R(rt,xr't") = (rt) (1) do-(rit)  do.(r,t)
0 0 SB-(r',t") SV (r/.t')
0 0 dp(r,t) dp(r.t)

OB.(r' t") oVir’,t")

B,,B, — B" = B, +iB,

_ . Circularly polarized B field
B~ =B, —iB,



JULICH

Forschungszentrum

MAGNETIC RESPONSE FUNCTION 'J

Response of the magnetization (electronic) density with respect to changes
of the external magnetic (electric) field:

Spin-orbit coupling neglected
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BETHE-SALPETER EQUATION

Self-energy

»(12) = iG(12)W (112)

Bethe-Salpeter equation for spin excitations
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SPATIAL DEPENDENCE W
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nearest neighbours

Largest contribution from the onsite interaction (~98%)
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EXAMPLE: BCC IRON ‘9

P ImRT (q,w)

150
energy
‘ Fiin
£
S
& 100
3
>
wave vector
50
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\ "Handbook of Materials Modelling",
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EXAMPLE: BCC IRON
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Experiments (white circles) Collins etal. PR 179, 417; Mook etal. PRB 7, 336




EXAMPLE: FCC NICKEL
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VIOLATION OF GOLDSTONE CONDITION
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In the absence of spin-orbit coupling, the magnetization of a ferromagnet

can be rotated without a cost of energy. =2 | im w(q) = 0
q—0




VIOLATION OF GOLDSTONE CONDITION
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M. Muller, C. Friedrich, S. Blugel,
Phys. Rev. B 94, 064433 (2016)

C. Friedrich, M.C.T.D. Muller, S. Blugel,

"Handbook of Materials Modelling",
Andreoni, Yip (eds), Springer (2019)

In the absence of spin-orbit coupling, the magnetization of a ferromagnet

can be rotated without a cost of energy. =

lim w(q)
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INSIGHT FROM HUBBARD MODEL 'J

H = Ey Z a; Qio + thawaﬂ, + UZ Nt |

19,0

Goldstone mode (limit g—0, w—0)
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Parameter for correcting G, gpp
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In the absence of spin-orbit coupling, the magnetization of a ferromagnet

can be rotated without a cost of energy. =2 | im w(q) = 0
q—0
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SELF-ENERGY (HEDIN EQUATIONS)

9
GW self-energy
Diagrams up to third order in W S\'\% éj:'\mji R
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GT SELF-ENERGY ¢) JULIcH
starts at 3" order
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INTERPRETATION @) JoLicH
GW self-energy: . ;’N\:\/L%z .
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GT self-energy: !
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INTERPRETATION IJ JU|_|C|-|
3
magnon is emitted
before absorbed ) G,T
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magnon is absorbed
before emitted?
electron travels back in time?
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SELF-ENERGY
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1. already contained in GW (sort of)
2. unphysical double counting in diagram
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equation

G (k,w) =GI(k,w) + GJ(k,w)[X°(k,w) —v7. (k)]G (k,w)

Spectral function 1

A (k,w) = ;sgn(ep — w)Im {trG(k,w)}
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IMPLEMENTATION

Dyson equation

G (k,w) =G (k,w) + GJ(k,w)[2° (k,w) — v7 (k)]G (k,w)

Spectral function 1
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IMPLEMENTATION

Dyson equation

G (k,w) = GJ(k,w) + GJ (k, w)[X7 (k,w) — v, (k)]G (k, w)
Spectral function 1
A (k,w) = —sgn(ep — w)Im {trG(k,w)}
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IMPLEMENTATION

Dyson equation

G (k,w) = GJ(k,w) + GJ (k, w)[X7 (k,w) — v, (k)]G (k, w)
Spectral function 1
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IMPLEMENTATION

Dyson equation

G (k,w) =GI(k,w) + GJ(k,w)[X°(k,w) —v7. (k)]G (k,w)
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Spectral function 1
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SATELLITES

" Spectral function

Energy (eV)

Plasmon satellites
=23 eV

Magnon satellites?
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IRON BAND STRUCTURE (GWT)

Energy (eV)
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E. Mlynczak, L. Plucinski, unpublished




IRON BAND STRUCTURE (GWT) @) JULICH
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IRON BAND STRUCTURE (GWT)
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DMFT: J. Sanchez-Barriga et al., PRL 103, 267203 (2009)




IRON BAND STRUCTURE (GWT)
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ANOMALY SPIN DOWN (IRON)
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HIGH-ENERGY BAND ANOMALY (IRON)
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ARPES (Mlynczak et al., Julich)
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exp: Mlynczak et al., Nature Comm. 10, 1 (2019)
theo: Nabok et al., npj Comput. Mater. 7, 178 (2021)



HIGH-ENERGY BAND ANOMALY (IRON)
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Mlynczak et al., Nature
Communications 10, 505 (2019)
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BAND ANOMALY (WATERFALL)
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BAND ANOMALY (WATERFALL)




JULICH

rrrrrrrrrrrrrrr

BAND ANOMALY (WATERFALL)
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BAND ANOMALY (WATERFALL)
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TABLES (IRON)

Table 1. Electron spin magnetic moments (in ug) of Fe, Co, and Ni
computed with different techniques.

LSDA GW GT GWT exp’
Fe 2.15 212 (2.17) 2.00 2.08
Co 1.58 1.57 (1.65) 1.28 1.52
Ni 0.58 0.59 (0.65) 0.49 0.59 0.52

GW values in brackets are calculated without the A, correction (see text).
Table 12 of ref. 2.

Table 2. d bandwidths (in eV) for bcc Fe, fcc Co, and fcc Ni obtained
from LSDA, GW, GT, and GWT and compared with experimental data.
Wy LSDA GwW GT GWT exp
Fe Niq 4.74 4.29/(4.30) 5.10 4.50 +0.23!
Fe Ny, 3.54 3.46 (3.35) 3.96 3.60 +0.20'
Co (L) 464 4.18 (4.33) 4.67 4.40 3.8+0.52
>4.03
Ni (L,) 458 4.12 |4.18) 456 3.9+0.2%

The bandwidths are estimated, as in the experiment, based on the
specified states. The GW values in brackets are computed without the A,
correction (see text).

'Ref. 3.

2Ref. ¥7.

3Ref. %,

“Ref. '® (based on experimental data from ref. ).

Table 3. The exchange splitting AE, at special k points computed
with different techniques and compared with available experimental
values.

AE, LSDA Gw GT GWT exp

Fe

s 177 1.41 (1.55) 190 |  2.08+0.10'
Hyy 156 106[0.19)] 164 151 1.30+0.30'
P 0.96 (1.08) 1.50 1.19 1.35+0.10"
N, 1.60 1.19 (1.32) 178 [149]| 160+0.15
Co

o= 144 0.98 (1.24) 1.39 1.20+0.302
Fia 1.66 1.20 (1.48) 1.49 0.85 +0.202
Ls 148 1.00 (1.26) 1.33 1.15+0.402
Ni

i 056 0.51) 0.51 0.31+0.033
) 052 o.45) 0.44 ~0.24

GW values in brackets are calculated without the A, correction in the
reference system (see text).

* Ref. >

2 Ref. ¥,

2 Ref. >

4 Ref. %3,

/.
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Nabok, Blugel, Friedrich, npj Comput. Mater. 7, 178 (2021)



VIOLATION OF CAUSALITY (GT)
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There are regions where the GT
spectral function turns negative!

Can be traced back to the imag.
part of the T-matrix having
negative sign.

I'="1>9—1>
— W[RW — K|W
— difference is negative

GW restores correct sign.
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SUMMARY IJ

« Calculation of spin excitations (spin waves and Stoner excitations) implemented within FLAPW
through the solution of the Bethe-Salpeter equation.

» Goldstone condition violated in the limit g—0 and w—0 due to inconsistency of Green functions
(LSDA vs. self-consistent); self-consistent COHSEX recovers Goldstone mode.

 Electron-magnon scattering described by GT self-energy.
* Double-counting-free combination with GW self-energy gives the GWT self-energy.

« Strong spin asymmetry of lifetime broadening in agreement with experiment. Majority d bands
strongly renormalized (quasiparticle character lost) due to coupling to many-body spin excitations.

« Band anomalies due to many-body renormalization through coupling to spin-wave and
Stoner excitations (the latter seen in recent ARPES experiment).

 GWT band structure of Fe is similar to DMFT spectral function but with improvements in the details:
* quasiparticle band at 2.34 eV (I') and 3.2 eV (P),

* 1.5 eV band anomaly, SPEX

* no false prediction of hole pocket at N http://spex.readthedocs.org
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