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Response in B caused by coupling to perturbation in A

-~ -~

. 0 . P . .
5,4, (w, H) = / 1y it /O dx (p(H)A;Bi(t + ihx; H))

33

S . B .
(w) = / dt e~ it / dA Tr (po ] j(t—l—z’h)\))
0 0

0

Example — electric current

e symmetric part:
Oxe Oxy Oxz Y b

 antisymmetric part:

Oz Ozy Ozz transverse, anomalous Hall effect (AHE)

longitudinal charge conductivity
— O — Oyr Oyy Oy Anisotropic Magnetoresistance (AMR)

NPSMP2015, Symposium, Hubert Ebert
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Response in B caused by coupling to perturbation in A

o0 B
T\ —twt I\ A D . . I3
T, A, (W, H) = / dt e /d)\ <p(H)Aj (4 thA; H)>
0 0
observable perturbation

_"C —_»c
Charge, J J
heat or jq jq
spin s s
current J J
Torque f spin-orbit torque 5"0

T Gilbert damping T

B NPSMP2015, Symposium, Hubert Ebert
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e Make use of transformation properties of involved operators
e Account for symmetry operations in space as well as space and time

space unitary operations u

space + time anti-unitary operations g = T v
with time reversal T

nhon-magnetic magnetic
Space groups 230 1651
point groups 32 122
Laue groups 12 37

symmetry determination: FINDSYM
ISOTROPY Software Suite, iso.byu.edu.

H. T. Stokes & D. M. Hatch, J. Appl. Cryst. 38, 237 (2005)
NPSMP2015, Symposium, Hubert Ebert LSS
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N———

Jidj

o0 . B IR .
oii =7 (w, H) = [ dte ™t [ d\(p(H)7;5:(t + ih\; H
J 0 0 J

for unitary operators u:

Pseudoalgorithm
T;; — E (oY) D (PR) kzD (PR)l .  determine symmetry of system
J J * loop over symmetry operations
kl » set up system of linear egs. in

elements {04}
« solution gives restrictions

for anti-unitary operators a: « element is linear combination of
other elements
O;; — (0] D P D P . » element is its negative
tJ Lk ( R) k1 ( R) lg ~ element is zero

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)
BT NPSMP2015, Symposium, Hubert Ebert S



e o || APPlication to electrical conductivity

MAXIMILIANS-
UNIVERSITAT
MUNCHEN

Only the magnetic Laue group has to be considered

paramagnetic ferromagnetic
m3m1’ 4/mm'm'’
(o 00 0 0
o = 0 (o 0 o =
0 0 o

|sotropic conductivity
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Electrical conductivity - tensor shapes

Results obtained by analytic computation using computer algebra system (CAS)

Non-magnetic materials

Magnetic materials

!

magnetic Laue group T a magnetic Laue group T o
~ Tyx Tex Ozr Ozy Oz 2 _T;r _1- Tya jo.L _ﬂ';_a, g =y j ez
11! Tyy Tzy Ory Oyy Oy ' Ty vy zy Ty vy 2
Tez —Tyz Taz Ty —Tyz Tz
Tyz Tzz Oxz Uyz Ozz ¥ ¥
Taw: —he 0 Ozx Ogzy 0
; TH 0 T Osz 0 0Ouz m'm'm —Tey Ty ;r 0 —Ogy Oyy 0
2/ml Tgy 0 0 G'Sy 0 0 0 7. 0 R
Tzz Ozz Ozz T T 0 Tez. 0 0
mmm1’ O T O 0 o4 O 0 0 7 0 0 .
0 0 7 0 0 o Tez —Tay U g 00
—~Tay 0 Ope 0 0 4’ fmm'm — e e 0 0 o O
31, 4/m1’, 6/m1’ TIy oy 0 0 o040 0 0 0 7 0 0 0u
Tz 0 0 o e 0 D gzx 0 0
4 fmmm/ 0 1 0 0 o 0
_ ~ Tax 0 Oz 00 0 0 7 0 0 o,
31ml’, 3m1l’, 4/mmml’, 6/mmml’ 0 7m0 O 0 o0 O
0 0 7 0 0 o Tzx Ty O Ogz Ozy 0
- A 31w, 3m'1, 4/mm'm’, 6/mm'm’ — Ty g D —Ouy Oxz 0
TM 0 0 G 0 0 0 0 7z 0 0 a5
m31’, ?’P’?..:‘}';";'?,].Jr Trx 0 0 Tpr 0 o =y 0 o 0 0
0 0 Trx 0 0 Ty []"f]rn_’ Tey  Toa 0 ] v o 0
“ 0 Tzz n U '-"-".zz
- I Tee 00 dee 00
Thermo eIeCtrlcaI 6'/m'm'm, 6' /m mm’ ( 0 7 O ) 0 o 0
response tensor 0 0 7, 0 0 o2
] L. Tere 00 Trr 0 0
Electrical conductivity tensor m3m’ 0 7z 0 0 a0
0 0 7p 0 0 .

class a) contains time reversal T

NPSMP2015, Symposium, Hubert Ebert

class c) contains combined operations a=v T
B
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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, Symposium, 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, Symposium, Hubert Ebert
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e Space group P6_/mmc (194)

e Mn atoms couple antiferromagnetically
on Kagome lattices (stacked along [0001])

e magnetic moments in {0001}

e various triangular configurations discussed
Zhang et al. JPCM 25, 206006 (2013), Kiibler and Felser, EPL 108, 67001 (2014)

AFM1 AFM2 AFM3

e AHC predicted by Kubler and Felser (for AFM3 & AFM4)

e Excluded for AFM1
BT NPSMP2015, Symposium, Hubert Ebert
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e Electrical conductivity
e predicted tensor shapes (MSGs determined using FINDSYM)

Oz 0 0Oz Ozz 0 0 Ozaz  Oxy Oz Oza 0 0Oz
0 Oyy 0 0 Orx 0 Oy Oyy Oyz 0 Oyy 0
— Oz 0 02z 0 0 Ozz — Oz _O'yz 02z — Oz 0 Oz

AFM1 AFM2 AFM3 AFM4
MSG Am'm'2 P-6'2C' Pm' Am'm'2
MLG m'm'm 6'/m'mm' 2'm' m'm'm

e numerical results confirm prediction in all cases
e Comparison to results obtained by Kibler & Felser [1]

* Discrepancies for AFM1 (no AHE) & AFM4 (2 different AHCS)
* AFM2 not considered in [1]
e Agreement for AFM3

[1] Kiibler & Felser, EPL 108, 67001 (2014)

B NPSMP2015, Symposium, Hubert Ebert
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e 05| i 0.2-/\ /\
et 1
| ° 0 v “ 02} -
f/O © v \/\/ \/ | oaf i
OSE . -y ey T [ [P TP SRR | ]
0 2 4 6 8 10 0 2 4 6 8 10
Energy (eV) Energy (eV)
aF T T T T ] 1F T T T T 8 T ' T ' ] I I I = I > |
e 3-_ iE: 0_ [\\
:C} 2 :C} S ) 2’-0.2- i
= NE 0 \// 0.4} -
y 0 > 1 6 8 10 0 2 6 8 10
Energy (eV) Energy (eV) Energy (eV)
e results in line with symmetry prediction
1 — 1 1 2 — 2
Opp(w) =0, (v) #0, (W) oz,(w)=—0, (w)
e same tensor shape as for bcc-Fe, comparable in magnitude
Wimmer, et al., unpublished (2015)
S aaaSaSaSaSaSaSaS—.—..—

B NPSMP2015, Symposium, Hubert Ebert
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e One-electron approximation to Fermi's Golden Rule
i x (W) o %; (P | Xagx | ¥:)|? 6(Ey — E; — hw)
e Electron-photon interaction operator
Xqa(r) = —% jer *AqA(r) = ea- €y AT
S~~~

electric current density operator
e Absorption coefficient in terms of Green function

par(w) o< (W, | Xy SGH(E; + hw) Xqr | ¥;) 0(E; + hw — Er)

e Relation to transport effects

e XMCD (Mq+ — Hqg-) circular dichroism ¢(==) AHE
e XMLD (M, x — HyX) linear dichroism {mm=) AMR

e Construction of spectra as sum of site-resolved absorption coefficients

e wavevectors q along high symmetry directions — connection to o
T NPSMP2015, Symposium, Hubert Ebert S aaaGaSaS—S——
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Mn_ Ir - Mn L X-ray absorption spectra

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

1 my .

1 my o

I InMn3
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L, ;-XAS spectra of Mn in Mn,Ir
16 | | |
= 12 \ o=
'_Q |
=
N 8 == e
g 2 , :
2 ) /\ — Mn1
\ — Mn2 qllght
e i light
0 I I = } Mn3 a
1F ," \‘\ - — Mnl qhght
"\ / \\ .
o = o S0 .~ i light
E 0 ‘\“ \ ﬁl Mn2 q .
=v . -1 i |“ l: i Mn3 qllg'ht
=) i
I -2r ¥ -
H
31 v .
I | |
10 0 10 20 30
energy (eV)

z-direction along [111]

spectra by superposition of site-resolved abs. coeffs. p,g}\ (w)

incidence q': [111] vs. direction of 172, (polar geometry)

e same total absorption

e in both cases XMCD (larger for polar geometry)

NPSMP2015, Symposium, Hubert Ebert

Wimmer, et al., unpublished (2015)
S IISSGSGSGSGSGSTST—S.SS
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oo . B L. R . _
T, ) = [ dte | ax (p(E)j;Tijitt + inxs H)
0

0
5’3- - —|e|c Ot a— Dirac matrix
. o o V511
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 oj,
Ilmn
for anti-unitary operators a: @i = — Y_ D(Pr)ii D(Pr)m; D(Pr)nk o,
Ilmn

Only the magnetic Laue group has to be considered
C> Spin polarized conductivity tensor

[1] V. Bargmann, E. P. Wigner, Proc. Natl. Acad. Sci. U.S.A. 34, 211 (1948)
[2] A. Vernes, B.L. Gyorffy, P. Weinberger, Phys. Rev. B 76, 012408 (2007)
[3] S. Lowitzer, Kbdderitzsch, H. Ebert, Phys. Rev. B 82, 140402 (2010)
NPSMP2015, Symposium, Hubert Ebert
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Only the magnetic Laue group has to be considered

paramagnetic ferromagnetic
m3m1' 4/mm'm'’
0 oz, O Ooa

_ =z

0 0O O 0
Spin-Hall effect in paramagnet

and
ferromagnet

(no need for two-current-model)

NPSMP2015, Symposium, Hubert Ebert
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Spin-polarized conductivity - tensor shapes

Results obtained by analytic computation using computer algebra system (CAS)

Non-magnetic materials

Magnetic materials

magnetic Laue

magnetic Laue
group

a* foad ol
group
Oz Jiy Oz e ng 0. O oiy O
v T T T % Ty T Ty Ty
Jfo: ng ng Ozz Ozy Ozz J:zz:c J;y ng
0 o gy 0 ale 0 ol 0 o 2y 0
2/ml’ oy, U o oy, 0 g, 0 oy,
0 crfy 0 o, 0 o, 0 arzzy 0
00 0 0 0 ol 0 oz, 0
manml’ 0 0 o ;z 0 0 0 0; . 0 0
0 Grfy 0 oz, 0 0 0 0 0
0 0 o, 0 0 o 0, Oy 0
4/ml’, 6/m1’ 0 0 —of. 0 0 oZf, —o, o5, 0
o —ody 0 aly of 0 0 0 i,
, ' 0 0 0 0 0 of: 0 o2, 0
“é/ _’"’mmi,-‘ 0 0 —ob 0 0 0 —oZ, 0 0
/maman 0 —ox 0 ofx 00 0 0 0
ot ovy o, aly —ol, o% o, oy 0
31 Olr —O4; —Oi —a?, —odz oF, —0hy iy O
o, —ody 0 ol of, 0 0 0 oZ,
or, 0 0 0  —or o 0 o5 O
31ml’ 0 —of —oi —or, 0 0 —ogy 0 0
0 —o 0 otx 0 0 0 0
0 oY, 0 for 0 o, 0 Ty 0
Iml1l’ oty 0  —of, 0 —of, 0 -5y 0 0
0 —ot 0 ol 0 0 0 0 0
0 0 0 0 0 o 0 0';1, 0
m31’ 0 0 a3, 0 0 0 oy 0 0
0ok 0 i, 00 0 0 0
) 0 0 (3 0 0 —0ai u 0 ) a’ y 0
maml1’ 0 0 Toy 0 0 —a%, 0 0
0 0 oz, 0 0 0 0 0

2 fm/

4 fm, m'm'm

4'/mm'm

4 /mmm’

4/mm'm’,
6/mm'm’

31m’, 3m'1, 6'/m/

6 fm'm'm

6 fm'mm/

NPSMP2015, Symposium, Hubert Ebert
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magnetic Laue group fod o’ foid o’

- oz 0 0 0 0 O 0 0—0,. 0 o,.0
m3ml1’ 0 grz O 0 0 oy 00 O o,. 00
e.g.; Au 0 0 oz 0—0c,. O 0,-0 0 0 00

Opz Ozy 0 0 0 oL 0 0 —o,. O O 0

4/mm,m, _O-xyo-mgj O O O O-Sz O O-xz _O-Czcy U;m O
e.g.: FM bcc Fe 0 002/ | \0zp0zy 0 —0:y 0z 0 0 0 oz
ore 0 0 0 0 oL, 0 0 —oy. 0rr Ony 0

4/m1’ 0 0z 0 0 0 o, 0 0 o —0pyOrz O
e.g.: Au Sc 0 0 o.. Oy Ozy 0 —0%y 02y 0 0 0 oI,

4

Ozx Oxy 0 0 0 oL 0 0 ol OraOry 0O

2/ml’ Oy Oyy 0 93 9; o (3 (3 oy Orw Oy g
e.g.: Pt3Ge O O Ozz Ozz Uzy O O-Elm O-ley O O O Ozz

Wimmer, et al., arXiv:1502.04947 (2015)
B NPSMP2015, Symposium, Hubert Ebert
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Anomalous and spin Hall effect

LMU| 320+ | in diluted ferromagnetic alloys M Pt
._._ (Ai —o—‘ (B) —l>— (C)I
X 0-5 /_ Oxx Oy 0
2 0.0 AHE _Uwy Oxx 0
S
~0.5 0 0 o0,
_osf \ B o’ O';y 0
= o0 <=~ SHE —0Z  o* 0 .
5 _osl | *y T ferromagnetic
< 0 0 o,
Ok ‘ ‘ . : 4/mm'm’
. ‘ ‘ . _ e complex electronic structure at E
Cr Mn Fe Co Ni F
skew scattering contributions to AHE, SHE e skew scattering very sensitive

1 % magnetic impurities in Pt host

Electronic
structure

Transport

Approach description

Spin-orbit
coupling

Method A BE FP

Pauli

Method B BE ASA Dirac
Method C KSF ASA Dirac

to fine details

:> first-principles approach mandatory

Zimmermann, et al. PRB 90, 220403(R) (2014) ng

NPSMP2015, Symposium, Hubert Ebert



MAXIMILIANS-
UNIVERSITAT
MUNCHEN

e || Additional transverse effects in 4/m1'

Au4Mn - structure

4/m1'

non-magnetic (Au_Pt ) Sc - alloy

O o.a:z _ @ in (Aup_4Pt;)4Sc
€T
0 T
€T
Ty 0

Wimmer, et al., arXiv:1502.04947 (2015)
NPSMP2015, Symposium, Hubert Ebertt . ng
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oA
i @% !

Au4Mn - structure

non-magnetic (Au_Pt ) Sc - alloy

000, (NV) <40 (NV)
*6 7 (VO) 440, (VO

>0, (NV)
4/m1’ >0 (VC)
z
LI 125 0.2 0.4 0.6 0.8 1!
z .
S xin (Au, Pt) Sc
O'wy Txr 1-x~ x74
z
0 0 o,

Wimmer, et al., arXiv:1502.04947 (2015)
NPSMP2015, Symposium, Hubert Ebert D
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LMU s SPIN-0rbIt torque — phenomenology

Systems lacking inversion symmetry

-—
2nm €z
0.6 nm
AlO, , MgO
Co, CoFeB 3 nm

Pt, Ta Heavy Metal

Prediction:
Manchon & Zhang, PRB 79, 094422 (2009)
Garate & MacDonald, PRB 80, 134403 (2009)

Experiments:

Miron et al., Nat.Mat. 9, 230 (2010)

Gambardella & Miron, Phil. Trans. R. Soc. A (2011) 369, 3175
Garello et al., Nat.Nanot. 8, 587 (2013)

Torque T=tE

Possible avenue to avoid large
switching currents (10" A/ cm?) that
currently hamper progress in
STT-RAM technology.

2015060 NPSMP2015, Symposium, Hubert Ebert a5y
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~ -~

S 0 . s . .
5,4, (w, H) = / 'y it /O d\ <p(H)AjBi(t—|—ih)\; H)>

0

Freimuth, et al, arXiv: 1305.4873

For torkance B, =T, Aj — 5'3.
0 .
Torque operator T = —
8ui

Spin magentisation m = mu

Ebert & Mankovsky, PRB 79, 045209 (2009)
Ebert, et al, PRL 107, 066603 (2011)
Mankovsky, et al, PRB 87, 014430 (2013)

NPSMP2015, Symposium, Hubert Ebert
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T =tE

Transformation of torkance under symmetry operations of magnetic space group

ti;i = Z tiiD(R)r:;D(R);; det(R) unitary operations allR tensor
kel I shape
ti; = Z t{kD(R),";iD(R)Z"j det(R) anti-unitary operations
kl

Example — inverse Heusler system

4 R —1—

_ i_ —{—g— t = _ta:y —tee O
A 0 0 0
s

k 1 —4— Cr,VSb

http://en.wikipedia.org/wiki/File:Heusler_alloy_-_structure.png

NPSMP2015, Symposium, Hubert Ebert
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e o || APPlication — spin-orbit torque

i \W!

ER

Results obtained by analytic computation using computer algebra system (CAS)

magnetic point group

t

magnetic point group t

11,2, m'

1, 3, 31m, 31m/, 3m'1, 3m1, 43m, 6, 62'm’, 62m, 6m'2’, 6m2,
2/, 2/m, 4 fm, 4 fmm'm, 4 /mmm’, 4/m, 4/mm'm’, 4/mmm,
6'/m, 6'/m/, 6/ /m'm'm, 6' /m'mm/, 6' /mm'm, 6/ /mmm’, 6/m,

6/mm'm’, 6/mmm, m3, m3m, m3m', m'3'm, m'm'm, mmm

2, 2/m!

2' i, m, m'm2’

4'2m’, 222 4"22' m'm'm’

4222 4 m'm'2

4m2', A'mm’, mm2

m'mm

3,6, 3, 312/, 31m/, 321, 3m'1, 4, 4/m’, 42'2', 4m'm/, 6, 6', 6/m/,
622", 6m'm’

4, 422'm/, 4m'2', 4 Jm’

taz tzy trz
tye tyy tyz

tox tzy [

P s Y e
ou
H
o~
g o
oo
~

0 0 t.
tew toy O
try —tex O

0 0 0

42m, 4'/m'm'm

dm?2, 4 /m'mm’

4'3m’, 23, 4'32', 432, m'3’, m/3'm’

I, 3Im'L, 52, §'m'2, 312, 321, 4/mlm'n’, 422, 6/2'2, 622, fee tU g
6/m'm'm’, 622 0 Ez t
. try tmy O
Fm'2, 422 tey tex O

0 0 t.
af o/ ooyl =y ! ! U ! 0 tm 0
3'1lm, 3I'ml, 6'2'm, 6'm2', 31m, 3ml, 4/m'mm, 4mm, 6'm'm, _4 Oy 0
6'mmn’, 6/m'mm, 6mm DIy 0 0

42", 4'm'm

only materials without
inversion symmetry
show torkance

-

J—P

NPSMP2015, Symposium, Hubert Ebertt e
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Results for multilayer system CulFe Co_ [Pt

Trilayer test system |

Unit cell

Symmetry

SOT

NPSMP2015, Symposium, Hubert Ebert

Cyx | evenwrt. M — —M

0.0002 I T I - I - I
1 surf (VC)
-0t o~
tl surf (no VC)
s s VX
0.0001 5 — tl fsea (VC) =
' ' ¥X
tl fsea (no VC)
E : yX
[ tl (surf + fsea) (VC)
0.0001 =—£ tl (surf + fsea) (no VC) | =7

5e-05

0.2 0.4 0.6 0.8

* Fermi surface contribution dominant
showing variation with concentration
 Fermi sea term almost constant

cf: similar observations as in
Freimuth, Bligel, Mokrousov, arXiv: 1305.4873



LUDWIG-

LVIU | s Summary and further applications

UNIVERSITAT
MUNCHEN

A universal scheme has been presented to

predict the shape of any linear response tensor

e Electrical and spin conductivity All results in

i full agreement
o
Only magnetic Laue group relevant e

e AHE in non-collinear AFMs calculations
_ _ _ o based on fully
e |ongitudinal Spin Conductivity relativistic
formalism

Torkance (spin-orbit torque)

e Only for systems without space inversion symmetry

Spin-orbit induced effects

® Gilbert damping Deutslc e »
Forschungsgemeinschaft]
- Further DEG
[
Edelstein effect Applications SFB 689 ~
e Thermoelectric effects e B
presented g
o here SPP 1538
e | ayer-resolved conductivities Spin Caloric %@ @%
Transport

e Non-linear response
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