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* Introduction

» Kubo-Streda vs. Kubo-Bastin

e Kubo vs. Boltzmann formalism
« Symmetry predicted properties
* Inclusion of temperature

« Summary and outlook
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Charge, heat and spin transport
LMU =) ' with emphasis on spin-orbit induced effects
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 Heat current density

e Spin
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* Electric field
* Temperature gradient
 Fictitious field coupling to spin

- 5

C> Goal: Investigation treating all microscopic contributions
on equal footing on first-principles level

ﬁ> Study of pure systems and disordered alloys

NPSMP2015, Workshop, Hubert Ebert s
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(kBT)_l oo el . .
Kubo O =V / dA / dt <jVJI,u(t + ihA)> eilwtid)t
0 0 (&

Independent electron approximation, w =0

- th [°°
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. dGH(E). S .
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T=0K
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Kubo-Stfeda Ow = =T(Ju(GT = GTIG™ = J.GT5(GT - G7))
oIS C

_|_

N
4mvTr<(G G (#ud, r,,J,,,)>C

Retaining symmetric part only

h X 5
Kubo-Greenwood | %w = ﬁﬂ<JM%G+]V%G+ >

C

see also: Kodderitzsch, Lowitzer, Staunton, Ebert, phys. stat. sol. (b) 248, 2248 (2011).
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SPR: Dirac equation within LSDA

S

Le@-V+Bmc2+V (7)+ 36 - Beg (7) | ¥ (7, E) = E ¥(7, E)

Vspin ("?)

KKR: Green function via multiple scattering theory

Gt (7,7',E) = ) Zx(7E)Ti%(E) Z{ (7', E)
AA’

—0nm Z ZA("?<9 E) JK ('F’>, E)
A

CPA: Coherent potential approximation for disorder

nn,CPA

wAInn,A_I_mBInn,B — T

NPSMP2015, Workshop, Hubert Ebert
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Bloch spectral function Ag (k, E)
of Cup goPdg 20

" group velocity
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Residual resistivity (T=0K)

AgXPdl_X
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W. H. Butler et al., PRB 29, 4217 (1984)

Neglecting scattering-in term
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Implementation within KKR-CPA

(
4m? ~ ~
= = A5 S el (Ll )R

o, A1sA2 . i
\ A3 ,A4 vertex correction

Ng,N\g

\
a TOouU CPA.,00 jov CPA,00

T 5 D 5 _ C JA4,A1 TA1,Az Az,A3 TAs,A4 ’

o N1,Ao
Ag,Ng

A= (ko ) A/ertex corrections (VC))
= Ky | : : ey
relativistic quantum numbers (JG)(IG) = (JGIG)

account for
\scattering-in processes/

Butler, PRB 31, 3260 (1985) (non-relativistic)
Banhart et al.,, SSC 77, 107 (1991) (fully-relativistic)
Turek et al., PRB 65, 125101 (2002) (LMTO-CPA)

See also: Velicky, PR 184, 614 (1969)
B NPSMP2015, Workshop, Hubert Ebert
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Kubo-Streda
vS. Kubo-Bastin
approach
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Anomalous Hall conductivity
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KKR-CPA results based on Kubo-Stfeda equation

2 . 1 L 1 " 1 " 1 s
- \ fce-Ni Pd
| X 1-x
: 5
g 1 &
B B8 Theo. (VO) ) B8 Theo. (VO)
© & £ Theo. (no VC) © 4} -8 Theo. (no VC) -
.5 ®-® Exp. = & Theo. pure Ni
@-o Exp.
-3 1 | " | L ] L -6 i L i l ; L A L ;
0 0.2 0}.(4 0.6 0.8 0 0.2 0.4 0.6 0.8 1
Pd Fe Pd ) Ni

Expt.: Matveev et al., Fiz. Met. Metalloved 53, 34 (1982)
Theo.:  Lowitzer et al., PRL 105, 266604 (2010)

B NPSMP2015, Workshop, Hubert Ebert
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KKR-CPA results based on Kubo-Streda equation

: | : | i | : I T 30 ] |
i N A-A present work (no VO) r — ;
'~ 8 Ptl—xAux e-o present work (VC) =i =
= Guo (2008) =
6l B Yao
g Guo (2009) g 0
mo 4 mo -15f
IO |o g
= = 30t
« B2 -
O | © 45}
OO 0.2 0.4 « 0.6 0.8 1 0 0.2 0.4 . 0.6
Pt Au Au

Lowitzer et al., PRL 106, 056601 (2011)

Guo et al., PRL 100, 096401 (2008)

Guo, JAP 105, 07C701 (2009) intrinsic SHE of pure elements
Yao et al., PRL 95, 156601 (2005)

B NPSMP2015, Workshop, Hubert Ebert D
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Anomalous Hall conductivity
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Ferromagnet

1
—
T

-1.5

Expt.: Jen et al., JAP 76, 5782 (1994)

e No direct relation between AHC and ANC as functions of x

1k

—'.—' KKR-CPA - F;reseﬁt work
—Jl— expt. -Jenetal.

0 01 02 03 04 05 06 0.7 08 09

x in Co,Pd,

o/ T [mA K2 cm'1]

0.06 |

0.05 f

0.04 f

0.03 f

0.02 f

Anomalous Nernst conductivity

"KKR-CPA - pr'e-seni work +

01 02 0.3 04 05 06 0.7 0.8 09

x in Co,Pd,

e AHC shows sign change, while ANC does not

B=o
Ferromagnet

o ANC: Maximum at X = 0.2 in line with behaviour of p_, AMR ratio & S

S. Wimmer, D. Kodderitzsch, and H. Ebert, Phys. Rev. B 89, 161101(R) (2014)L(u<§;§3

NPSMP2015, Workshop, Hubert Ebert
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Spin Hall conductivity (Thermal) Spin Nernst conductivity
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x in Au,Cuy_,

B=o
Paramagnet

Paramagnet

S. Wimmer, D. Koédderitzsch, K. Chadova, and H. Ebert, Phys. Rev. B 88, 201108(R) (2013)
B NPSMP2015, Workshop, Hubert Ebert S aSaGaGaGaSaSaSSTS—.—.S
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Fermi surface E A

ih [ A DOS
. dG+(E) . . 3 . . dG—(E)
Te(J,——5,0(E — H) — E—-—H)j,——~
<Ju g 2vo( ) — Jud( )iv——— )
setting
T=0K -
Fermi sea
1 h A + A _ S _|_’: + —
ow = 3T (Ju(G = GIGT - J.GTh(GF - a7))
Loh EFdTr J,GT} G jdG+ﬁG+ J.G™ ] e jdG_“G—
47V J_o © H 2 de ' de = H U de  de 4 .
* numerical difficulties (energy derivative) — integration in the
* integral over d-function like terms complex plane

inclusion of vertex corrections —» numerical effort

Similar approach and implementation within TB-LMTO
| Turek, J Kudrnovsky and V Drchal, PRB 89, 064405 (2014)

B NPSMP2015, Workshop, Hubert Ebert
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KKR-CPA results based on Bastin and Kubo-Streda equation
( numerical test for the equivalency )

without vertex corrections with vertex corrections

(coherent part) (total)
2 T T T T T T T 25 T T T 1 T T

Kubo-Streda no VC - E—Elﬁug-glm{h ¥g
). } : - -Bastin
2 Kubo-Bastin no VC Fe Pd u Fe Pd
| X 1-x | X I-x
_3 i 1 I 1 1 1 1 _5 1 | L 1 1 1 1
0 0.2 0.4 0.6 0.8 0 0.2 04 0.6 0.8
X X

Kubo-Streda:
S.Lowitzer, D.Ko6dderitzsch, H.Ebert, PRL 105, 266604 (2010)

B NPSMP2015, Workshop, Hubert Ebert
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e e | [ SPIN Hall conductivity for transition metal alloys

N
7w

KKR-CPA results based on Bastin and Kubo-Streda equation
( numerical test for the equivalency )

without vertex corrections

(coherent part)
3 ' | ! | ' 1

Kubo-Streda no VC
25F Kubo-Bastin no VC

Au Cu, '

NPSMP2015, Workshop, Hubert Ebert

(total)

with vertex corrections

B Kubo-Streda VC
[3 E]l Kubo-Bastin VC

AuXCu

I-x
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Kubo Vs.
Boltzmann
formalism

NPSMP2015, Workshop, Hubert Ebert
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Kubo-Greenwood equation within KKR-CPA

) —4m? . _ y
0';11,1/ = 30 ancﬁ Z J ([1 — XW) 1x) JPr
0 K,K’

Neglecting the vertex corrections gives
Boltzmann equation without scattering-in term

2 dS;
NVC € kE un v __B
o g) = —— vEvE TS
v ( ) (2 )3 /;h’UE L k k

Boltzmann equation including scattering-in term
2 v Bp|~1l v _B
ou(er) =€ E v 1—717P) 7o Vo T

kK’

- By\—1 _
Inverse lifetime (77 )~ = E Pz
k_',; Butler, PRB 31, 3260 (1985)

NPSMP2015, Workshop, Hubert Ebert GG
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Kubo-Greenwood equation within KKR-CPA

2

—4Am

NVC —_
o-p,u (8) -

Boltzmann equ
_ .2 Z I B
ke, ke’

" By—1 _
Inverse lifetime (77 )~ = E Pz
ke’

Butler, PRB 31, 3260 (1985)

NPSMP2015, Workshop, Hubert Ebert G
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0';1;9"" = Ogpzd
KKR-CPA results for Au_ Pt
S : skewness factor Ix
Ansatz using scaling behaviour i W -
'~ 16} i
o, = 0zxS+02M + a;;ntr - / -

linear relation on both sides of

*10° (Ohm cm)
o

» | Au, Pty
alloy system for composition = .
z /; i Au Pt
T €T < 0.1 S . 0.01" '0.99
All( Pt) o ° 4r Ay Pty | ]
Extrapolation to 0 ze — 0 R R RO
6 -1
z = =z g z,intr GXX*IO (Ohm cm)
awy il o-wy i Uazy

NPSMP2015, Workshop, Hubert Ebert
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|
. : Berr
Kubo-Streda linear response Boltzmann y
| | curvature
any system | dilute alloys | pure systems
longitudinal | longitudinal |
|
.- | |
Decomposmon
transverse | transverse |
T e
| |
scallng
Iaws I |
m) | |
<:>- '
| |
vertex scattering-in
corrections —= =t terms |
| |

NPSMP2015, Workshop, Hubert Ebert
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Ferromagnetic host doped with 3d impurities

VX

o)

LMU | s with concentration of 1 at.%
Skew-scattering Anomalous Hall angle
contribution to the AHE (skew-scattering contribution)
2 T T T T T T T T ' ' ' ! ! ! ' !
0.3f Method Al -

Fe-host ad ﬁg{ﬁgg g ' Fe-host A4 Method B

- OO Method C OO Method C
E
Q
G
E

-0.14

Method A

Method B

Method C

1 1 1 1 1 1 1 1
Sc Ti V Cr Mn Fe Co Ni Cu Sc

Approach Geometry

Boltzmann Full potential
Boltzmann ASA
Kubo ASA

|
Tt V

SOC
Pauli

Dirac

Dirac

NPSMP2015, Workshop, Hubert Ebert

| | 1 1

Cr Mn Fe Co Ni Cu
group

Jilich (Blugel)

Halle (I. Mertig)

Munich (H. Ebert)
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Paramagnetic host doped with 3d impurities
with concentration of 1 at. %

Anomalous Hall angle
(skew-scattering contribution)

aAHE [%]

Pt-host

Method
A-A \Vethod
OO Method

Spin Hall angle
1 | 1 |
A 0.5F - Method A| -
B| ] Pt-host A-A Method B
C OO Method C
S
m
a
vl
3

Method A

Method B

Method C

Fe Co Ni
Approach Geometry
Boltzmann Full potential
Boltzmann ASA
Kubo ASA

SOC
Pauli

Dirac

Dirac

NPSMP2015, Workshop, Hubert Ebert

Mn Fe Co Ni
group
Jiilich (Bltgel)
Halle (I. Mertig)
Munich (H. Ebert)
B
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Contributions to the incoherent part of the conductivity tensor

Incoherent part (extrinsic)

[ T ' T
£} |
-2 % Fermi surface n
Fermi sea
%X-X total FeXPdl_X
_3 1 | 1 | L | 1
0 0.2 04 0.6 0.8
X
Incoherent part of == justification for Kubo-Stfeda € Boltzmann scattering

Fermi sea term is negligible

No vertex corrections for the Fermi sea term !

B NPSMP2015, Workshop, Hubert Ebert
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Contributions to the incoherent part of the conductivity tensor

Incoherent part (extrinsic)

10 T | T | T I T I
. [3E] Fermi surface
' 3] Fermi sea
Q|- %-X total _|

AuXCul_x |

1 I. 1 1 1 I. 1
0 0.2 0.4 0.6 0.8 |
X
Incoherent part of == justification for Kubo-Stfeda € Boltzmann scattering
Fermi sea term is negligible

No vertex corrections for the Fermi sea term !

R NPSMP2015, Workshop, Hubert Ebert
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Comparison of results for varying concentration

longitudinal conductivity &4, X @

00571771 T T T T 1
Kubo-Streda
— Boltzmann .
'z
') 0.01p
G
=
»
'KO.DOS— -
Fes
o Fe Pd,
0 A B B I B B

0 0.025 0.05 0.075 0.1 0.125  0.15  0.175 0.2
X

Boltzmann-based calculations:
Gradhand, Fedorov, Mertig, unpublished (2013)

B NPSMP2015, Workshop, Hubert Ebert
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Symmetry
predicted
properties
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o B
— T\ —iwt T\ . . I
oi; = 75,5 (w, H) = / dt e / d\ (,o(H)gJ Gi(t 4 iR H))
o 0
for unitary operators u: pseudoalgorithm
g;; = E (oY) D (PR)k:zD(PR)l . « determine symmetry of system
J J * loop over symmetry operations
kl » set up system of linear egs. in
elements {oi;}
) i « solution gives restrictions
for anti-unitary operators a: - element is linear combination of
. * " other eIe_m_ents _
oij = )_ o D(Pr)i;D(Pr)j, e e
kl

Only the magnetic Laue group has to be considered

same transformation behavior for thermal transport C> same tensor shapes

W. H. Kleiner, Phys. Rev. 142, 318 (1966)
B NPSMP2015, Workshop, Hubert Ebert - ISGSaGSaSSSaSaaSa—a—.—.
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Results obtained by analytic computation using computer algebra system (CAS)

Non-magnetic materials Magnetic materials
magnetic Laue group T o magnetic Laue group T a
- Tyz Terx Orr Oxy Oz of _T.Lr —Tyz _Tza; _‘73-1. Tpy Ogz
]_]_" Tyy sz o-:ty o'yy o'yz /m Tey  Tyy Tzy Try  Tyy Tyz
Tez " Tyz  Taz Ty —OTyz Tz
Tyz Tzz Ozz Oyz Ozz Y ¥ ]
0 0 Tew —Tyx 0 Ozz Ozy U
, Tm Tz Oax Ozz m'm'm —Tey Tyy O —Oyy Ty 0
2/ml Tgy 0 0 G'Sy 0 0 0 7 0 S
Tzz Ozz Ozz Tyy —Toy O oz 00
mmm1’ O Tyy 0O 0 oy O 0 0 7 0 0 ou
0 0 7 0 0 o, Tor  —Tay O oy 00
i —Tay 0 oow 00 4'/mm'm —Try
31, 4/ml’, 6/ml’ sz Tow 0 0 o0.. O
0 Taz 0 0 Tz ]
4" fmmm/
B B Tz 0 0 O 0 0
31ml’, 3m1l', 4/mmml’, 6/mmml’ 0 7p0 O 0 o0 O
0 0 7 0 0 oz m’l,, 4/mm'm’, 6/mm'm'’ —
— _ TII U 0 O’_‘];m 0 0
mal’, m3m1’ Tow 0O 0 o 0 .
0 0 7oz 0 0 o0 6 /m’ ( ,

ThermO'eleCtncalﬁ ﬁfl/m_:_m_f?n‘ (i’}‘m’mm" (
response tensor ﬁ

Tew 00 Ty () 0
Electrical conductivity tensor m3m! (3 i »,-”) 0 s 0
class a) contains time reversal T class c) contains combined operations a=v T

NPSMP2015, Workshop, Hubert Ebert s
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LMU| iu== | in non-collinear antiferromagnets
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Mn_Ir — a prototype non-collinear antiferromagnet
o Cu Au structure

e moments in (111) plane (Kagome lattice)

e magnetic space group: R3m'

Prediction of anomalous Hall effect (AHE) Lv

and magneto-optical Kerr effect (MOKE)

e based on analysis of electronic structure
Chen, Niu, and MacDonald, PRL 112, 017205 (2014)

e Natural consequence of Kleiner's tables
for the shape of the conductivity tensor

Kleiner, PR 142, 318 (1966)

NPSMP2015, Workshop, Hubert Ebert
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Electrical conductivity tensor

Orx Oy 0
0 0 (o 9

numerical work based on Kubo-Stfeda equation

z-direction along [111]

h . A . A B
Opv — HT‘T<JM(G+ — G_)]VG — J/J,G+.71/(G+ — G )>C
Tr< Gt — Gy d, — 7y J >
iy TG = EO G =l
Smrcka and Streda, JPC 10, 2153 (1977)
e confirms tensor shape Lowitzer et al., PRL 105, 266604 (2010)

e Anomalous Hall conductivity

275 (Q cm)™* this work
218 (Q cm)* Chen etal. (2014)

comparable in size to Fe, Co, and Ni
B NPSMP2015, Workshop, Hubert Ebert
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1 1 1 1 1 1 1 1 v 1 1 1
< 4} - | il 0.2
= 4 g 05 | /\
(3] 2 0
a G $ .
© 2 = o0 Y “ 02} -
© © \/\/ v ] -0.4} 4
0 AT R T OS5 o gm e g M NN SR SR SR
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Energy (eV) Energy (eV) Energy (eV)
aF T T T T ] 1 T T T T T T T T T
‘_f'\ [ '.-A 0 [\
‘£ 3 5 \
<t T 05 1o '
G, G o -0.2} .
) © ] c
Sl = 1
‘_V N\’;‘ 0 - 4 T
o 1 [ o \/ 0
0 i 1 i 1 N 1 N 1 L L 1 N 1 N 1 L 1 L L 1 L | L 1 A | L
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Energy (eV) Energy (eV) Energy (eV)

e same tensor shape as for bcc-Fe, comparable in magnitude

Ore Oy 0
0 0 (o 9

S. Wimmer, et al., unpublished (2015
NPSMP2015, Workshop, Hubert Ebert S SSSSESaSaS—.—._.
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Mn_ Ir - Mn L X-ray absorption spectra

hy,. (Mb)

M
AuL; (Mb)

L, ;-XAS spectra of Mn in Mn,Ir

16 | | |
12|~ \ -
8 o
A
4 —
0 I — %
1 [ 'l \‘ —
N / \\\
p— | — ’ ~~--
0 ---r'\\“ f"“—---*f‘
1 | -
2 | | i
\
- — \ —
s L I I
10 0 10 20
energy (eV)

30

Mn1 qlight

Mn2 qlight

light
Mn3q ©
light

Mnl q

Mn2 qlight

Mn3 qlight

'l [111]
'l [111]
Il [111]

I 1 m, .

1 my o
11 my .

z-direction along [111]

* spectra by superposition of site-resolved abs. coeffs. LLZ-?A (w)

e incidence (f [111] vs. direction of’l’?bn (polar geometry)

e Results questions the XMCD sum rules

same total absorption

in both cases XMCD (larger for polar geometry)

NPSMP2015, Workshop, Hubert Ebert

Wimmer, et al., unpublished (2015)
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Extended Kleiner's scheme to get the shape
LMU |:w=e+| | Oof the spin-polarisation conductivity tensor
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oo . B L. R . _
T, ) = [ dte | ax (p(E)j;Tijitt + inxs H)
0

0
jj - —|e|c Ot a— Dirac matrix
| o L vs11g
Using a relativistic spin polarization operator [1,2,3]: T = B3
mc
for unitary operators u: of, = Y  D(Pgr)i D(Pr)mj D(PR)nk o},
Ilmn
for anti-unitary operators a: % = — ) D(Pr)ii D(Pr)m;j D(Pr)nk o1,
Ilmn

Only the magnetic Laue group has to be considered
S. Wimmer et al.. arXiv:1502.04947 [1] V. Bargmann, E. P. Wigner, Proc. Natl. Acad. Sci. U.S.A. 34, 211 (1948)

’ ' ' ’ 2]A. V , B.L. Gyorffy, P. Weinb , Phys. Rev. B 76, 012408 (2007
PRB RC accepted (2015) %3} S. Li\r/\r/litezser, K(‘jdd)é?irtzgch, H.elEnbeer;?grhys.gev. ?SVSZ, 140402 (20(10) :

NPSMP2015, Workshop, Hubert Ebert
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LMU

Electrical and spin-polarized conductivity tensor

magnetic Laue group lod g’ oV o’
_ Orz 0 0 0 0
m3m1’ 0 0z O 0 0 o
e.g.; Au 0 0 0ue 0—0y. 0

Oxx Oxy 0 0 0 o

4/mm,m, _O—xyo—g:x O O O g
e.g.: FM bcc Fe 0 0 0:2/ | \020zy

Ozz 0 0 0 0 o

4/m1’ 0 0zz 0 0 0o
e.g.: Au Sc 00 o Tz Ozy

4

Ozx Oxy 0 0 0 oy

e.g.. Pt Ge 0 0 o= Oru Oy

S. Wimmer et al., arXiv:1502.04947,
PRB RC accepted (2015)

NPSMP2015, Workshop, Hubert Ebert




MU .o | [Electrical conductivity & DOS of Au, Pt Sc

Diagonal conductivity Density of states
T T T T T T | T 2 I T T T T '
I
sao (NV) _ = tot (x 1/5) I
1.5 auc. (VO) 15t = gtu .I,I \_‘ -
o000, (NV) g : AUZPtZSC 4
2 o0 (VO 2 r ke iTeen
5 “ S
o =0
ES
© 0

20 v I v I y I § I

@ in (Auy_4Ptz)4Sc
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paramagnetic (Au,_Pt) Sc - alloy

1 v 1 b 1 v 1
AA G (NV) AA G (NV)
XZ yz
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B o-zx (NV) V-V - O-zy (NV)

I |
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Au, Mn - structure ¢
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paramagnetic ferromagnetic
4/m1’ 4/mm'm’
= s =z zZ
z ez z
—0hy Oru 0 Ory Oz 0
A z
0 0 o, 0 0 o,

Spin Hall effect and longitudinal spin current
In ferromagnet
and
paramagnet

caused by spin-orbit interaction
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S. Wimmer et al., arXiv:1502.04947,
PRB RC accepted (2015)
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v o | [LOngitudinal spin polarized currents in 2/m1’
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paramagnetic (Pt, Au ) Ge - alloy
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S. Wimmer et al., (unpublished)
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Inclusion of
temperature
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LMU = | El@ctron-Phonon coupling
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Phonon dispersion relation of Cu
SPR-KKR calculations for Cu

phonon energy dispersion E (q)

8
<5 7
T 4
> 5
e 4
5 3
3 2
- 1
OX A I' A L Q WNK X r
Selfenergy Y (FE) = Z/EEz”St(E,w)asz(w)dw

Eliashberg function
2 A
a’Fi(w) = Z 9%
q,A
Renormalisation of electron structure
r 1
G(E) = .
FE — Eg - Ek(E)
EREEE— NPSMP2015, Workshop, Hubert Ebert
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a?F(w, k) ReX; TmX

8 ‘ 12 T T ‘ T T
- | — theory | | — theory o R 7 1
_ _ 6 expriment | N 10 _, ©-© expriment “e & Q 7
1% 2 ¥ s
~— 4 - g 6
] Zl | W
4+
e, B
] 7 oL
O ) ) ) ) | | O L L @ . | . | L 0_ ‘ | ) | | ) %
0 2 4 6 8 10 12 14 -40 30 0 20 -10 0 -40 30 20 -10 0
phonon energy (meV) binding energy (meV) binding energy (meV)

Experiment: at T = 8K
F. Reinert et al., PRL 91, 186406 (2003)

Minar et al., JESRP 184, 91 (2011)
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LMU wus| | ARPES from Pb(110)
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Calculated ARPES spectra

Without SE Including SE Experiment
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Expt: F. Reinert et al.

Minar et al., JESRP 184, 91 (2011) E 2116V PRL 91, 186406 (2003)
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Representation of thermal vibrations

by temperature dependent, quasi-static, descrete set of dispacements

Lk PrPe®
!
il )0 () D oeee
A A | Pee@
+ 4 4 cpa ‘ot
Multi-component CPA equations
N
Tha = Y auy)"
v=1

= [(t,) " = (topa) 4 @8a) Y]

1 _
s A’k [(tcpa) b G(k, E)]
BZ Jan,

—1

LT
TCPA
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LMU s Models for thermal displacements

Fixing the descrete set of dispacements

via temperature dependent root square displacement

CcPA

root square displacement from Debye model

Wiy LB [2(6p/T) 1
T I M ERO

_|_
Op/T 4
root square displacement from phonon calculations

3ho [ ! fiec
(i) T 2 M, /0 / ’”(J)wm T

Lok L arme -

B NPSMP2015, Workshop, Hubert Ebert D



....... Alloy analogy model for

UNIVERSITAT

Representation of thermal spin fluctuations

by temperature dependent, quasi-static, descrete

set of non-collinear spin orientations

ﬂlﬂ Hf\ |
| o R

/ Il'l

| I, B
Y
AN N
VI NN
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= |SPIN fluctuations from Monte Carlo simulations
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(0i, @5) é1(6,9) s defined on the grid:
0;,1 = 1,..., Ng
®j,] =1,...,Ngy
weighting factor at temperature T
sin(0¢) exp|lw(T)z - é¢/ksT]
€T —
77 . sin(0y) explw(T)z - ég: /kpT]

Eeesg,
S O

C

o e
~~~~~~~~~~
_________
SN TN
" N
o

M(T)

04F =—a MC
31 MF-fit to MC (w,,(T))
- MF-fit to MC (w=const)
02k e—s Expt

feTs) MF-fit to Expt (wExm(T))

0
6

Fitting of Weiss field parameter  lim M (T) = Mnc(T)
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LUDWIG-

S Temperature dependent resisitivity

Comparison of different Combination of thermal

models of spin disorder lattice vibrations and

spin fluctuations

17 J.C
120 1 T T 1 1 120 1 1 1 I I
o EHEMC {VC_’J - ] o s vib -
w—a MC (NVC) &4 fluct (MC)
- A4 DLM (V) ] - = vib + fluct MC)
sl o a DIM I:_m;rc:l ..... i a:::‘
= 7 cone (VC) Y .
s b rvcomeqvO) 5
‘TE 60 T ‘Tc:. 60 N
g =
o c:_ﬁ
40 N 40 N

1

=]

=)
T

i [ G
---
e e bl

* Transverse spin fluctuations important for spin disorder
* Impact of thermal lattice vibrations and spin fluctuations

are not additive

B NPSMP2015, Workshop, Hubert Ebert



LMU s | |REsSiIStiVvity: theory vs experiment

Fe bcc: resistivity Ni fcc: resistivity
vs temperature vs temperature

120 1 I 1 1 I 1 50 ' 1 v 1 v 1 v 1 v ] v 1 v 1 v 1

[ e Expt.: C.Y. Hoet al. (1983) 4
40F < = p, (FM, vib) ;

| v—v P, (PM, vib)

e-e Expt: J. Bass
(vib + fluct)

100

L =810 vcove))
g0k **Pu mcexp) (vib + fluct)

g ] G 30 G—d pMC(cxpt] (fluct)
Q B . -
& & *—# P, v (vib + fluct)
'E 60 7 'E - Pt pMC(cxpt)
. .20 -
(=Y _ (=Y

40

20 10

e Fe: MC M(T): magnetic fluctuation effect is overestimated

e Crucial role of M(T) dependence — discrepancies between the
resistivity results based on MC and experimental M(T)

o Ni: Longitudinal fluctuations should be taken into account near T_

IR NPSMP2015, Workshop, Hubert Ebert S
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Gilbert damping

Gilbert damping for Fe

Gilbert damping for Ni

10 0.2
T vib | 0151 7
4—¢ vib + fluct (Expt) fluct (Expt)
. 6 :0 ]\él,? :—fluct (Expt)
% 3 0.1F ’
=] L
0.05F
|-
0y o0 0 ' 0 ' o0 0y o 560 00 700 300
Temperature (K) Temperature (K)
. i
&—& fluct: MC(MC) . .
1 e M e Fe: comparable contributions of
s 7 fluct: cone(expt) lattice vibrations and spin fluctuations
4_ e Ni: main contribution — from
L lattice vibrations
0 1 _ L

] . . ]
400 600 800
Temperature (K)
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LMU

Gilbert damping: Temperature effects

Ni-rich Ni_ Cu_alloys

e Pure Ni: conductivity-like
behaviour for low temperatures

e Lessthan 1 % Cu strongly damp
low temperature singularity

e With more than 5 % Cu the
temperature dependence is
nearly suppressed

Expt: Bhagat and Lubitz,
Phys. Rev. B 10, 179, (1974)
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— expt: pure Ni

@0 theory: pure Ni

T .

B

I I
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MC: M(T)/M, for one Fe sublattice Expt vs theory: resistivity vs T

ExptFe, 4Rhy 5,

150 Expt (FeNi), ,,Rh . x =005

— - Theory: Feﬂ_g_,}NiomRh, FM, vib+fluct

- &~ Theory: FM, vib+fluct
@-@® Theory: AFM, vib+fluct

100

p_ (10°Qcm)

50

e Monte Carlo simulations: Temperature dependent magnetization
of AFM-aligned sublattices of Fe

e AFM state: Faster decrease of Fe sublattice magnetization
(stronger spin fluctuations) — steeper increase of resistivity

IR NPSMP2015, Workshop, Hubert Ebert .
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FeRh, AFM: contributions FeRh, FM: contributions
' | T T T | : | T | T | T | T T
150 — MHE Theory: AFM, vib+fluct — 200 - @@ Theory: FM, vib ]
€@ Theory: AFM, vib @@ Theory: FM, fluct
©®-® Theory: AFM, fluct | | EHE Theory: FM, vib+fluct
Expt Fe, 4oRhy 5, ExptFe, oRhys,
,g ,a 150 Expt (FeNi)u_nghu_sv Xy, =0.05 —
o 100 3,
S S
= = 100}
< 50 e
S0
0 H 1 ] ] 0 1 1 ] |
0 100 200 300 400 0 200 400 600 800
T (K) T (K)

e FM state: Weak contribution to the resistivity from the scattering
due to lattice vibrations.

e AFM state: stronger spin fluctuations

— steeper increase of resistivity

IR NPSMP2015, Workshop, Hubert Ebert
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Fe(Rh,Fe): electrical resistivity

150

(10°Q cm)

XX

p

Lh

=
I

100 —

Fe(Rh,Fe), AFM: contributions

T I T
--- FeRh, AFM, vib
--- FeRh, AFM, fluct
O'OFC(RhUW €01)» AFM, vib

OOFe(RhUW €01 AFM, fluct
--- FeRh, AFM vib+fluct

-

Fe(Rh,Fe), FM: contributions

! 200 T T T
] + ¢ Theory: FM, vib

e—e Theory: FM, fluct
m—a Theory: FM, vib+fluct
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100
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50

vib
OO Theory: Fe ( Rh . fluc
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T (K)

0 1()()

!
300

: = A @
400 0 > UU

e FM state: Weak effect of Fe impurities in Rh sublattice

400

T (K)

e AFM state: strong effect of Fe impurities in Rh sublattice
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FeRh: Gilbert damping

0.004

FeRh, FM

0.003
= .
50.002

0.001F

| T ]
®—® Theory: lattice vibrations
B—M Theo: lat. vib. + spin fluct.

M Expt

900

600

1
500
Temperature (K)

400

e Main temperature effect. /lattice vibrations

700

Expt: E. Mancini et al. J. Phys. D: Appl. Phys. 46 (2013) 245302
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Electrical resistivity vs T AHE vs T
300 . I . I . I T T T T T T 20 : | : | : | T T T T T T
— - Expt. Dijkstra (2H) ®- @ Expt., 2H structure (Dijkstra et al.,, JPCM 1, 6363 (1989))
s  Expt. Eibschutz (2H) 4 L A Theory, vib
A—A Theory, p_: vib V-V Theory, fluct
150 VW Theory, p,_: fluct ] 15k Bl Theory, full |

-l Theory, p_: full
i [H Theory, P, full

g 200 — a
=
~ .
ol o
(=B
150 -
v y
,/
”
100—-—-"/ =
L I L I L I L I L I 1 I
0 20 40 60 R0 100 120

T (K)

e Small contribution of spin fluctuations to the electrical resistivity

e AHE: increase of pxy(T) at low temperature — due to phonon contribution

 AHE: Crucial effect of temperature induced magnetic disorder for p_ (T)
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 Kubo-Streda vs. Kubo-Bastin

* Numerical equivalency demonstrated

 Kubo vs. Boltzmann formalism

 Coherent results in the dilute limit

« Symmetry predicted properties

 New phenomena identified

e Inclusion of temperature

Deutsche
Forschungsgemeinschaft

» Description of thermal lattice vibrations —— P
and spin fluctuations via alloy analogy model

SPP 1538 &
Spin Caloric %@) é%
Transport
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