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SHE is not the simple two copies of
AHE for up and down spins.

The spin fluctuation and
electron correlation play crucial roles in SHE.



Intrinsic AHE is the quantum Hall effect hidden by metaII|C|ty

B(k)x B(k)x B(k)x
X
<« —-»>
<« >
106 | T LI | " LI | L) L L : E
| ® Cu,,Zn,Cr;Se, Oy € 51 6 - ny~CDHEt - Gx}f ﬂ't 'jxx .
M o et al = =
104 Iyasa a a,.(SrCa) MnO, ih' . _
- NHEQMDNE}EG? ¥ Matl at al. 15 theory - i -~ _
__louchietal v Lyanda-Gellerstal. i\ _____  o==bfy .
Ga.,Mn, As o Fe,,Co,Si . :
2 L _ DL : e
N 10 | Matsukura et al. Manyla et al. : Miyasato et al.
E i % Edmonds et al. Fe single crystal o
S # Yuklashew etal. o Qd, Fe, Ni, Co films
r"‘ﬂdlDﬂ |7 Chiba et al. =R -
2 In, Mn, As o FRUO 3 .
— " Ohno et al. = Laa 5, Col, bl
"-l-l-:;.l 0_2 Oiwa el al, E 2 MnSi _
- . hee et al. ®
o P : N
Intrinsic  : Extrinsic
10-4 ] Maoderately dirr:g.rE Superclean metal
,+ Anatase 'fju-'TiL'J;E =
Hitosugietal. o Cho et al, O .
6 Leno at al, i- Famanel et al, 'ﬁ
10 . 4, Rutile CoTiO, - h/z~A 7
L. 'l:'.‘fl‘ii‘]I o o o Toyosakietal. & |E.T/h~n/2 ) |
: Higgins etal. o l O, ~ (e /h)(é‘F /A)l
10'3 I Il i II B i II i i rI i || i 1 II i B i It i

ol i i i i
104 1 102 104 106 108
o, [(1/€2cm)  S.Onoda,N.Sugimoto, NN



Left-Right Asymmetry in the Scattering of Electrons by Magnetic Impurities,
and a Hall Effect
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Giant spin Hall effect in perpendicularly
spin-polarized FePt/Au devices
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Angle-dependent
spin polarization
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K
/ Spin Hall Effect by Skew Scattering
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Anderson Hamiltonian as a generic model for impurity
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Candidate Materials for Resonant Skew Scattering

Guang-Yu Guo et al.
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Pd and Pt impurity-induced changes in noble-metal density of states:
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FIG. 6. Corrected UPS spectra of Au, AuPd, and AuPt.
The thin solid lines are a guide to the eye.

Photoelectron spectroscopy and theory
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vacancy

INTENSITY (arb.units]

1 | 1 |

|

8 6 4 2 Ef
BINDING ENERGY (eV)
FIG. 14. Theoretical (solid lines) and experimental (dashed

lines) UPS difference spectra of a vacancy in Au, AuPt-Au, and
AuPd-Au.
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FIG. 20. Density of states of gold. Solid lines: total d densi-
ty of states. Dashed line: ds,, projected DOS. Dotted line:
ds/z projected DOS.
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TABLE 1. Experimental UPS impurity peak maxima (€p,,) and half widths at half maximum (T"): (a) this work and (b) taken
from Ref. 23. Parameters that were used in the theoretical spectra: change in impurity d potential (A), s-d coupling (o), spin-orbit
coupling (&4), cubic crystal field (D,), and average energy position of the impurity d states €;+ A, where &, is the average host d-
band energy. :

(a) o (a) (b) (b) '
Solid €max (€V) T (eV) €Emax €V) T (eV) A (eV) Imo; (eV) &4 (eV) D, (eV) g +A (eV)

Cu 0 0 0 0 —3.52
CuPd 1.8 0.30+0.07 1.75 0.28 1.0 0.30+0.07 0.12 0 —~2.52
CuPt 1.65/2.0  0.35+0.07 1.18 0.35+0.07 0.31 0 —2.34
Ag | 0 0 0 0 —5.68
AgPd 1.8/2.2 0.4040.05 1.95 0.35 3.4 0.40+0.05 0.18 0 —2.28
AgPt 1.5/2.6 0.28+0.07 1.95 0.47 3.23 0.28+0.07 0.44 0.043 —2.45
Au | 0 0 0.45 0 —5.02
AuPd 1.6 0.40+0.10 1.55 0.18 2.1 0.40+0.10 0.18 0 ~2.92
AuPt 1.3/1.9 0.50+0.10 2.1 0.50+0.10 0.44 0 —2.92
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Conventional wisdom on Kondo effect of Fe in Au

A
EF for dé6 U =23eV
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L >
Ed EF U+Ed Kondo limit with 5 orbital degeneracy

mixed valence with Kondo temperature T, ~0.4K

5 ® Au host
QO Cu host
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with G.Y. Guo and S. Maekawa

Spin Hall Effect by
Kondo singlet state

Orbital selective Kondo
eg Kondo limit=> T, =0.4K
t2g Mixed valence d°andd’
hybridization with Au
s- and d-orbitals

Renormalization effect due
to electron correlation

A=1.4eV = A =0.3eV
10Dq =0.1eV = 10Dqg = 2.0eV

A=0.03eV = 4 =1eV



TABLE I: Down-spin occupation numbers of the 3d-
suborbitals of the Fe impurity imn Au from LDA+U calcu-

lations without SOI and with SOI. The calculated magnetic

moments are: m: ¢ = 3.39 pup and m!®* = 3.32 pup without

SOI. as well as mfe = 3.19 up, mfe = 1.54 pup and m:” =

5

3.27 pp with SOI. The muffin-tin sphere radius R,,; = 2.65a0
(ap 1s Bohr radius) is used for both Fe and Au atoms.

(a) Ty Tz Yz 322 —p? 2%y
no SOI 0.459 0.459 0.459 0.053 0.053
SOI 0.559 0.453 0.453 0.050 0.128
(b) m=—-2 m=-—1 m=0 m=1 m =2
no SOI 0.256 0.459 0.053 0.459 0.256
SOI 0.138 0.087 0.050 0.819 0.549
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A Viewpoint on:

Enhanced Spin Hall Effect by Resonant Skew Scattering in the Orbital-Dependent Kondo Effect
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Kondo decoherence: finding the right spin model for iron impurities in gold and silver

T. A Costi’?, L. Berggvist!. A. Weichselbaum®. J. von Delfi®. T. Micklitz"7, A. Rosch’.
P Mavropoulos':?. P. H. Dederichs!, F. Mallet". L. Sanunadayar™", and C. Bauerle®
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method picture
ours all-electron full-potential linearized 5=3/2 large orbital moment
Augmented plane wave (FLAPW) method | Mixed valence and Kondo
Costi ultra-soft pseudopotential-like projector | 5-3/2 small orbital moment

augmented wave (PAW) method

Kondo limit



Conclusions

Anomalous Hall effect v.s. Spin Hall effect ( Skew scattering)
Resonance due to virtual bound state == « , < 0.01
Spin fluctuation and Kondo effect =) o, ~0.1
further enhances SHE ~10°0 ‘cm
Fe impurity in Au
Orbital selective Kondo effect eg v.s. t2g
Renormalization of spin-orbit, hybridization energies

due to electron correlation

Material design for SHE
5d impurity == o, =~ 0.2sin 26, ~ 0.04
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