Difference between magnetotransport properties
of doped alloys and doped crystals
via ab-initio calculations
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Outline

» Anomalous Hall effect (AHE), spin Hall effect (SHE):
what to look for

» Substitutional alloy: ways of dealing with disorder

> Results on AHE and SHE conductivities oy, and o3,
for an FeigNigy alloy doped with V, Co, Pt, Au.

P Relativity principle of scattering

» Bonus: Temperature-dependence of AHE and SHE
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Off-diagonal conductivity

Focusing on current along x if applied electric field is along y.

B [ C [ [
Ordinary Hall effect Anomalous Hall effect (Pure) spin Hall effect
with magnetic field B with magnetization M no magnetic field necessary

Hall voltage but e sl et No Hall voltage but

no spin accumulation Hall voltage and spin accumulation
spin accumulation

Inoue & Ohno, Science 309, 2004 (2005)

AHE SHE
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“Normal” diagonal conductivity o,: current along x, field along x.
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Useful intuitive concepts based on semiclassical approach
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skew scattering
Vignale, J. Supercond. Nov. Magn. 23, 3 (2010)

Dependence of AHE on the concentration ¢ of impurities:

skew -1 s-j 0 intr 0
O'Xy ~ C y O'Xy ~ C s O'Xy ~ C
skew S-j 2 intr 2
p Xy ~ C, pxy ~Cc, p xy ¢
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Dilute limit: dependence of o, and of Oxy ON Oxx

Impurities in crystal: low ¢ means high 0.
In the dilute limit skew
scattering dominates and is
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Lowitzer, PhD thesis (2010)

6, (10° Ohm cm)™

Contributions due to as"e‘”, f(yl and a'"” to oy, can LT e (@)

be disentangled by extrapolating in the dllute limt - .
the linear behaviour (o, ~ 0x) down to g, = 0.

A TAVE:

0. Sipr  DPG Regensburg 2022  MA 24.3 5/14

CEDAMNF
NTC.



Ab-initio: Kubo-Bastin equation

Generalized conductivity C,,,, generalized current operator bu

Cuw = Cl,+C, .
h ~ A\t A P ST —
¢, = 47T—QTr<OM( o G7)j,67 = 0,61, (6T — )>C :

G G
no[FF A aun dGt . dGT, 4
11 _ e +% _ - 7 + _
g - e [Tn{(003 0 5e)

Relativistic electric current operator: j= —|e|ca .

Relativistic spin current density operator:
b = (8% — 22 Jelca
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Treatment of disorder

virtual crystal approximation (VCA)
system treated as a crystal of “intermediate” atomic type

coherent potential approximation (CPA)

disorder is included
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Investigated system, used methods
Permalloy (Py) FeigNig; doped with V, Co, Au, and Pt atoms.

Host is not a crystal but an alloy.

Fully relativistic spin-polarized KKR-Green function formalism,
implemented in the SPRKKR code.

Generalized gradient approximation using PBE functional.

What to do:

Investigate how anomalous and spin Hall conductivities o, and
af(y depend on the concentration of V, Co, Au, and Pt impurities.
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B :
Dependence of o,, and o5, on dopant concentration
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Anomalous Hall conductivity oy,

(AHE).

Spin Hall conductivity o7, (SHE).
» Highly nonmonotonic dependence
on the dopant concentration.

» Different dopants give rise to quite

> Even the sign of gy, or o3, can be

Sipr et al. PRB 101, 085109 (2020)
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Dependence of AHE Oxy ON Oxx (disorder in the host)

host formally treated as If host is treated as a crystal (via VCA,

crystal (VCA alloy (CPA L . .
¥ ( ) y ( ) which is wrong), o, is proportional to
0.06 T T T T T T
Ty o Oy  CPA ox for low dopant concentrations.
VCA ol @ host |
host 7%
L 5 ] . .
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: Lo .
oo < |o o proportional to o for low dopant
= — o Au
g X concentrations.
g 5§ &
E « c:. 0.0 o
N % S fax xov
S T ofad
A & A %
-0.02 N . .
K 05 —AA * **g
004 | A‘
N TOT A 1 FeigNig1 doped with V, Au, and Pt.
A-eee e @ AR Pt
0.06 L L L L L
0 2 4 6 8 0.0 02 04 06
o [U(u82 cm)] o [U(uS2 cm)]

e 0. Sipr  DPG Regensburg 2022  MA 24.3 10/14



Dependence of AHE Oxy ON Oxx (disorder in the host)

host formally treated as If host is treated as a crystal (via VCA,

crystal (VCA alloy (CPA L . .
Y ( ) y ( ) which is wrong), o, is proportional to
e L 7y CPA 0x for low dopant concentrations.
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Watch out: Scattering in a crystal and in an alloy

L4
Definitions of af(‘;,ew, : & : : : : : : : :
O UL’;,” are related (X Jo% X | X Y X |
to scattering. 00060 o006O
LA LB Ll L L
impurity impurity
in crystal in alloy

The very concept of scattering relies on a well-defined background:
scattering with respect to what?

Dilute limit for alloys is not the same as clean limit, which can be
achieved only for crystals.
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AHE o,, and SHE of, for T =0 K and for T =300 K

i By oy Finite temperature
10 . o ol T=300K - H
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o P 5. Tl o0 S atomic vibrations and
< ERY o ? oo . .
B P, e B spin fluctuations are
g y ® ooV . B
s AR s . s s treated as localized
2 ; N §
ot x 0 R and uncorrelated.
& Ce Apt * a
A e N &AA‘AA A by 10 a
”; sy A s aiy 00 AA . 3 A Pt
T=0K T=0K Aty Sipr et al.
“wopantconc, [ dopantconc. () “wopantconc. (3] dopantconc. (%] PRB 101, 085109 (2020)

Dependence of oy, and o7, on the dopants concentration
is quite different for T=0 K and for T=300 K.
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Comparing theory and experiment for AHE and SHE

08

undoped Py * Temperature-dependence of AHE resistivity p,,
" o
- [ and of SHE resistivity p3, for undoped Py
g oap T SHEMeombkc o/ (Fe1gNigy) obtained from our calculations and
= (@] , exper., film % . .
|k SHE, cxper fim Uk from the experiment [Omori et al. PRB 99,
“E B
N et 014403 (2019)].
Qi‘ o O O O § O 4
* . . . . .
&W Disclaimer: comparing a bit different systems —
o4y w00 200 200 calculations done for bulk Py whereas experiment
temperature [K]

done for a thin Py film.
Sipr et al. PRB 101, 085109 (2020)

The agreement between theory and experiment is satisfactory

enough to make the analysis based on ab-initio calculations
trustworthy.
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Transport in a doped alloy: Conclusions

» Having host an alloy instead of a crystal has
profound influence on how off-diagonal AHE and
SHE conductivities oy, and o7, depend on the
dopant concentration.

» o, and afy are not proportional to o, for low
dopant concentrations.

P Concepts of skew scattering, side-jump scattering,
or intrinsic contributions are of limited use.

» Dependence of o,, and J§y on the concentration
of the dopants is non-monotonic.

P> The temperature substantially changes the way the

oxy, and oZ, depend on the concentration of
Y Xy p
impurities.
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