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Calculating model parameters:

The case of Heisenberg J,

Myung Joon Han (KAIST-Physics, mj.han@kaist.ac.kr)



First-principles Approach to SCES

v' Strongly correlated electron materials & many outstanding
problems (e.g., high-temperature superconductivity)

v' ‘Solving’ those problem often means more than just to describe
the ‘correct’ electronic structure.

v' Many different experimental and theoretical methods & techniques
(traditionally this has not been a main field of research for first-
principles calculations.)

> Constructing the bridges

Having/providing the unique facets



First-principles Approach (1)

Calculating the correct/realistic electronic structure

= Conventional approximations (e.g., LDA and GGA) are known to
fail for the case of correlated electron systems.

= LDA+U, +DMFT (dynamical mean-field theory), GW, etc.

Weber et al., Nature Phys. (2010)

Yin et al, I Oxygen AF
Nat. Phys.




First-principles Approach (2)

Direct estimation of key quantity or parameter

LETTER nature
physics

Strength of correlations in electron- and

hole-doped cuprates

Cédric Weber*, Kristjan Haule and Gabriel Kotliar
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Optical conductivity and the correlation
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superconductors
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First-principles Approach (2) — cont’d
Zt = y- (e\g)- | Srvo,
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Figure from L. Vaugier’s thesis

From Dyson’s equation for W in RPA, W = v + vy, W

fully screened W = [1 —vyo] v =[1 — vy, —vxot] v

Coulomb, W = [{1- (1-— UXOr)—leOt}(l _ UXOT)]—lv

= [1=WTx " ]7'w” partially screened Coulomb, W™




First-principles Approach (2) — cont’d

SCIENTIFIC REP{%;}RTS

Direct theoretical evidence for
weaker correlations in electron-
~doped and Hg-based hole-doped

owe cuprates

Seung Woo Jang!, Hirofumi Sakakibara??, Hiori Kino®, Takao Kotani?, Kazuhike Kuroki® &
: Myung Joon Han'/®
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First-principles Approach (3)

Calculating new concept and/or quantity?!

v’ Effective charge Boeri et al. PRL (2008)
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Heisenberg Exchange Parameter

H = _]1251 Y

v' The sign and the strength of two-spin interaction represented by
a constant J,,

v' (With the minus sign in front of it,) the positive and negative J,,
corresponds to the parallel (ferro-) and antiparallel (antiferro)
spin alignment, respectively.



Determining J

v" Not always straightforward to determine it from experiments
(sample quality, fitting, ...etc)

v' Model-based theories often just assume Js.

v Independent method or way to estimate J

v' Extract some more (hopefully unique) information
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Calculating J from Total Energies
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Metastable spin structure (not the
ground state) can usually be
stabilized (from the self-consistent)
by choosing the desired spin
orientation as the input.

-> Total energies corresponding to
different spin orders can be
estimated and compared.



Calculating J as a Response Function
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Advantage

v" No need to perform the multiple large-supercell calculations

v' Being able to describe the long range behavior

v" More similar with neutron scattering

fcc Ni
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Example 1: Fe-pnictides Superconductors

Frustration and quantum criticality?

Si and Abrahams, PRL (2008)
Fang et al., PRB (2008)
Xu et al., PRB (2008)

System Moment J,, J>

LaFeAsO 1.69 474 224
CeFeAsO 1.79 31.6 154
PrFeAsO 1.76 57.2 18.2
NdFeAsO 1.49 42.1 152

CaFe,As, 1.51 36.6 194
SrFe, As, 1.69 42.0 16.0
BaFe,As, 1.68 43.0 143
KFe,As, 1.58 425 150

LiFeAs 1.69 434 229

MJH et al., PRL (2009)




Example 2: Superconducting FeTe

Spin fluctuation theory : Yes or No?
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Li et al., PRB (2009)

FeTe

Picture from
Mazin Nature(2010)
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Subedi et al., PRB (2008)




Example 2: FeTe — cont’d

System  Moment J1a Jip Joy  Jop
Double-stripe Fe; gegTe 2.09 (197°) —7.6 —26.5 46.5 —34.9

FeTe 2.16 —4.2 129 —6.2 —15.3
Single-stripe FeTe 2.09 386 21.7 5.0

LaFeAsO" 1.69 (0.36%) 474 —69 224

Han and Savrasov PRL (2009)
Han and Savrasov PRL (2010)



Further Extension

v Additional resolution

Calculation by Hongki Yoon

J (meV) | Dy dy, d, ds® | 47
d,, -0.5 -0.5 -0.5 00 | 1.7
d, -0.5 -0.5 1.2 | 0.4
d,, -0.5 1.2 | 0.4
dz2 2 2./ | 0.0
d,? 2.7

v' Spin-orbit coupling and other

coupling parameters

J, (mRy)

Iron
ferromagnet
Tc ~ 1000K

Kvashnin et al

. PRL (2016)



