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Magnetic memories: beyond HDD

ferromagnets:

any new ideas” Yes!

Antiferromagnetic memory
based on CuMnAs

O or 1: free layer
magnetisation
direction

Olejnik et al. "17
[10.1038/ncomms15434]



... SO what'’s behind that AFM memory?
(experimentally)
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... SO what'’s behind that AFM memory?
(theoretically)
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Spin-orbit torques in antiferromagnets



Torgues acting on magnetic moments
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Torgues acting on magnetic moments

Basics: Solid state:
mechanical =  dL AM Y
torque: I = At P YM X B
magnetic . ~
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Torgues acting on magnetic moments

Basics:
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torque: ~dt
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Solid state:
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Current-induced spin-orbit torque - for ferromagnets

Edelstein effect...
0S =y E

simplest example: Rashba-Bychkov
spin-orbit int. (sol. st. comm. 73, 233)
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Current-induced spin-orbit torque - for ferromagnets

Edelstein effect...
0S =y E

simplest example: Rashba-Bychkov
spin-orbit int. (sol. st. comm. 73, 233)
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. action on magnetic moments

Phil. Tr. R. Soc. London A 369, 3175
ALy
M

in the context of p-d type Hamiltonian
H - HKL + héM - S

applicable to (Ga,Mn)As
<\ N\ « ferromagnetism
/N \|  induced by carriers

\\<7/ * Mn d-states

coupled to hole
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p-states (carriers)
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after mean field: h o« J,q [PRB 80, 165204]



Current-induced spin-orbit torque - ferromagnetic (Ga,Mn)As

0S = x E Current-induced (non-equilibrium)
Si = XijEj spin polarisation - in linear response



Current-induced spin-orbit torque - ferromagnetic (Ga,Mn)As

0S =vE

CISP - in linear response
Si = Xij
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N
(0))]
V
=
intra eh a -~ =
88 = — — Ny (Y, 18] Vka) (Vi |E - ¥]Yia) 3,
V 2F ka vw
X 8(Exa — Ep), (3)

, h
St = T2 3 2Rel (W 31) (Vik [E - 9¥ran)]

k,ab
['(Exe — Exp)
X 2 22
[(Exa — Exp)” + 1'7]

(fxa — Jxb), 4)

: h
885" = =2 3 Iml(ial81¥) (Vs [B - ¥l )]

k,a#b
I — (Exq — Exp)?
X
[(Exs — Exp)? + I'?]?

(fia — Jb)- (5)

' — 1 1 - 1 - 1
0.0 0.2 0.4 0.6 0.8 1.0
Hole density (nm™)
Lietal 15
Phys Rev B 91, 134402



Current-induced spin-orbit torque - ferromagnetic (Ga,Mn)As

INtraband iINnterband
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Two basic types of SOTs (spin-orbit torques)
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Current-induced spin-orbit torque - for antiferromagnets

Edelstein effect... ... staggered CISP
5S, = x,E (CispP) pr

(sublattice-resolved) MnoAu
Symmetry considerations: MnA—
Xa = —XB
Xa.ij () = X0 + Xaj ik + Kooty iR + -+ x5 = xp,
where n is the Néel vector, L = L = M; — M, Zelezny et al. 17

Phys Rev B 95, 014403
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Spin-orbit torgue in model systems

Zelezny et al. 14
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Spin-orbit torque in CuMnAs

CuMnAs tetragonal
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Band structure of CuMnAs



CuMnAs

Zéi e (semi)metallic antiferromagnet

e AC permittivity in optical range
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... what does ab initio actually mean here
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well, frankly, it is not really ab initio



Hubbard U

AE:% E (U_ 5S,S'J)nmSnm'S’

/ /
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® choose orbital
e think about values of U & J

TABLE I. Calculated values of U for transition-metal oxides, compared to values of Anisimov, Zaanen,

and Andersen (AZA) (Ref. 6). Empirical values include representative values from the literature.

Ref. VO MnO FeO CoO NiO

This work 2.7 3.6 4.6 5.0 5.1

AZA 6.7 6.9 6.8 7.8 8.0

Empirical 40-4.8¢ 7.8-8.8¢ 35-5.1° 49-53¢ 6.1-6.7¢
70 ¢ 39¢70¢ 49° 79°6.1° 759

Pickett et al. '98
Phys Rev B 58, 1201



Empirical values of U (CuMnAsS)
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... In this way, U is eftectively a fitting parameter



Another measurable quantity: UPS - cross check
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What if...

“normal structure”

CuMnAs tetragonal

.. positions of Cu and Mn
are in fact swapped
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Energy (eV)

CuMnAs band structure

Mn+As tetrahedra
(normal, U=0.2 Ry)
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Back to UPS - cross check
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So what’s out there in CuMnAs...

CuMnAs tetragonal
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® “inverted” structure
unlikely
e N DFT+U, reasonable
values are U ~ 0.1 — 0.2 Ry
¢ based on combined
evidence from UPS
and ellipsometry




Summary

® not only in ferromagnets, magnetic moments

can be manipulated electrically by spin-orbit torques
e in antiferromagnets, this is a very efficient means

of “writing information”
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linear response: /S = y E
® in a given material, it requires spin-orbit interaction
and depends on the band structure...



Summary

not only in ferromagnets, magnetic moments

can be manipulated electrically by spin-orbit torques
IN antiferromagnets, this is a very efficient means

of “writing information”

microscopically, the effect is simply just

inear response - S = yE

IN a given material, it requires spin-orbit interaction
and depends on the band structure...

e . which one should check against experiments

such as “optics” (ellipsometric determination of
permittivity in optical part of spectrum)






Antiterromagnet/ferromagnet transition in FeRh
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How to calculate the torgue due to CISP

... when the magnetism

and CISP can be separated

Gambardella & Miron ’11
[10.1098/rsta.2010.0336]

HZHKL+deZ§I'§i5(ﬁ —
i

— h — —
T=—05SxM
N X

where his obtained from the above
Hamiltonian by mean-field treatment

Vyborny et al. ‘09
Phys Rev B 80, 165204

II. COMPUTATIONAL METHOD

A. Kubo linear-response formalism for the torkance tensor

Within the local spin density approximation to DFT the
Hamiltonian H can be decomposed as [23]

H = Hy + upo - 2°°, (1)

where H, contains kinetic energy, scalar potential, and SOI.
up 1s the Bohr magneton, o = (ax,ay,az)T 1S the vector
of Pauli spin matrices, and ¢ is the exchange field. We
consider only ferromagnetic systems, where the exchange field
Q*°(r) = Q*(r)M is characterized by a position-independent
direction M and a position-dependent amplitude €2*°(r). The
relation to the Kohn-Sham effective potentials Vrflggority(r)

and Vi i () of majority and minority electrons is given

by Q*(r) = ﬁ[nggority(r) — Vrflggority(r)]. In response to an
applied electric field a magnetization SM(r) is induced at
position r. As a consequence, the exchange field 2*°(r)
is modified by §R*“(r) = Q*(r)dM(r)/M(r). The resulting
torque T on the magnetization within one unit cell is given
by [24,25]

T = f d’rM(r) x §Q*(r) = / d’r(r) x SM(r), (2)

where the integration is over the unit cell volume. Thus, the
torque on the magnetization arises from the component of
SM(r) that is perpendicular to £*°(r). Within linear-response
theory the torque T arising due to an applied electric field E
can be written as T = tE, which defines the torkance tensor t.

Freimuth et al. '14
Phys Rev B 90, 174423



