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Magnetic systems - nonvolatile memories

» Reading = magnetization measurement

e Giant MagnetoResistance rs
Baibich et al., PRL 61, 2472 (1988). >
Binasch et al., PRB 38, 4828 (1989). ’//?

e Tunnel MagnetoResistance Fort Griinberg
Julliere, Phys. Lett. 54A, 225 (1975). Nobel Prize 2007

Miyazaki and Tezuka, J. Magn. Magn. Mater. 139, L231 (1995).
Moodera et al., PRL 74, 3273 (1995).
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Magnetic systems - nonvolatile memories

e Writing = magnetization reversal

* Magnetic field > Magnetoresistive Random Access Memory

e Spin Transfer Torque » STT-MRAM

Ferro1

Spacer Ferro2

Berger, J. Appl. Phys. 55, 1954 (1984). electron flow

Berger, PRB 54, 9353 (1996). P E?
Slonczewski, J. Magn. Magn. Mater. 159, L1 (1996). .
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Due to spin relaxation Zhang and Li, PRL 93, 127204 (2004).
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o

Real materials are more complicated

o Textured ferromagnets w/o Spin-Orbit Interactions

« STT and g-term 2 = —(j;- 0)it — B x (Js - 0)t

e Uniform ferromagnets w/ SOlIs

e Spin-Orbit Torque 7 = (2ma/h)Z(j, - n) for Rashba SOI
Manchon and Zhang, PRB 78, 212405 (2008); PRB 79, 094422 (2009).

o Textured ferromagnets w/ SOIs

» Topological insulator surface

Yokoyama et al., PRB 81, 241410 (2010);
Sakai and Kohno, PRB 89, 165307 (2014).

different forms of STT, g-term, and SOT

e Noncentrosymmetric Weyl ferromagnet
Kurebayashi and Nomura, arXiv:1702.04918.

SOT only, no STT or g-term
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n is assumed to have small
fluctuations from Z.
- small-amplitude formalism




Small-amplitude formalism

o Assume small transverse fluctuations around a uniform state

A=7+uuX) =1(Q)e %" = (w* u?,0),1% « 1

_)_)

« Pick up the first order w.r.t. Q,%, E > four-point vertices
Kohno et al., JPS] 75, 113706 (2006).

Li Uj U V;
Goacsﬁ + GOL(;B - Gagg _ Ga impurities
U; vj vj vj

v Cannot extrapolate the small-amplitude dynamics to the finite-

amplitude one except for some simple cases

o
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Gauge transformation formalism

e Apply a gauge transformation ¥(X) - UX)yY(X),n(X) -6 — o,
» Magnetization texture is described by an emergent gauge field
A, (X) = —iUT(X)0xnUX) = U(X) x dxuii(X) - 5.

e Pick up the first order w.r.t. 4, E;
Kohno and Shibata, JPS] 76, 063710 (2007).

v Quenched magnetic impurities are transformed to dynamical

ones, which yield an additional 4,,.




Motivations

» 7 can be controlled by E.

» In real materials, we have (non)magnetic impurities, SOIs,
sublattice degree of freedom (in antiferromagnets), etc.

e Small-amplitude formalism
e Cannot be applied to the finite-amplitude dynamics.

e Gauge transformation formalism
» Needs careful calculation not to miss 4,.

e Particularly in the presence of magnetic impurities; otherwise a = 0.

e Can we derive a first-principles formula (into which we only have
to input our Hamiltonian)?

- Gradient expansion
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Gradient expansion

Green’s function G (x4, x,) which satisfies the Dyson equation,
L(x])G(x1,%3) — % G(xy, %) = 5(xy — x3)

Wigner representation to deal with convolution,

G(X12,P12) = dexu e_iplz“xfz/hé(xpxz)

Gauge covariance > Wilson line
o G(xq,x,) transforms as G'(x;,x,) = V(x1)G (xy, x,)VT(x,).

o G(xq1,xy) should transform as G'(x;,x,) = V(X1,5)G (xq, )V (X15).

Wigner representation of convolution - Moyal product
Levanda and Fleurov, J. Phys.:Condens. Matter 6, 7889 (1994); Ann. Phys. 292, 199 (2001).

e Ordinary product if translationally invariant, but not in general.




Wilson line

» Gauge covariance - Wilson line
o G(xq,x,) transforms as G'(x;,x,) = V(x1)G (xy, x,)VT(x,).

o G(x1,xy) should transform as G'(x;,x,) = V(X15)G (xq, x)VT(X15).

o Wilson line which satisfies W' (x{,x,) = V(x )W (x4, x,)VT(x,),

. i [*
W(x1,x;) = Pexp [g f dy* u‘lu(y)]
X2

» Locally gauge-covariant Green’s function

G~(x1, X3) = W(X12»x1)é(x1; xz)W(xz;Xu)

G(X15,P12) = dixu e_iplz”xfz/hé(xpxz)
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Moyal product Locally

gauge-covariant
e Wigner representation of convolution = Moyal product

e Ordinary product if translationally invariant, but not in general.
convolution

» Moyal product

i
- ~ . u Py ~ ~ —~
A(X12,012) * B(X12,012) = Jdeu e lplz“x“/hgl(xu,xﬂ U.des A(xy, x3)B(x3,x2ﬂW(x2,X12ﬂ

, u , u , u
f— j-delz j.de3 e_lp12[tx12/help13ux13/help32[lx32/h

X W(X12;x1)[W(x1:X13)A(X13:Pls)W(XB:xs)][W(x3:X32)§(X32:Psz)W(X32;xz)]W(xz:Xlz)

e Integrand is expanded w.r.t. x;3,x3, around X;,. X
» Wilson loop is evaluated by the Stokes theorem. A
Nonabelian Stokes theorem for a nonabelian gauge field ®.X;
Aref'eva, Theor. Math. Phys. 43, 353 (1980); A
Brali¢, PRD 22, 3090 (1980).
X5 X5, X3

 Dyson equation (£ —£)xG =1




Moyal product

e Minimum for calculating spin torques
A B =AB + (ih/2)Pp(4,B) + (ih/2)Pr(4, B) + (ih/2)?Pp.5(4, B)

Pp(A,B) = 04240,,B — 0,,A0,B
U(1) field strength

0,10y, A0y, 0,, B — 0,0, 40,20, B )

» More for something
AxB =+ (1/2)(ih/2)?Pp2(4,B) + (1/21)(ih/2)?Pz2(4, B)
Pp2(A,B) = 0420xxA0,,0, B — 20,10, Ad,,0x<B + 0,,0, A0,10x<B

Py2(4,B) = Fuy Fr50p,0p,A0p,0, B

more terms up to 4th. order w.r.t. x;3,x3, for a nonabelian field strength




Perturbation theory of Green’s function

» Dyson equation (£ —£)»G =1

~

AxB = AB + (ih/2)Py (A4, B) + (ih/2)Pr(4, B) + (ih/2)*Pp.r(4, B)

STT and B-term
SOT

Spin renormalization
Gilbert damping

» First-principles formula (P = D, F)
Go1Gp =SpGy — iPp(Ggt, Go)
Gy Gpag = EpugGo + [EGp + iPp(Eg,Go) — iPp(Gy 2, Gy) + (P o Q)] — i2Pp.o(Ggt, Gy)

o Advantages
e Deals with spacetime gradient and field strength on an equal footing
o Guarantees gauge covariance

e Contains retarded, advanced and lesser Green'’s functions

- Spin expectation value is available from the above formula.

o
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Benchmark: textured ferromagnet w/o SOIs

o Hamiltonian #(X,p) =p?/2m —Jn(X) - o

o Impurities by the self-consistent Born approximation
« Nonmagnetic v;6(X — X;;)
e Magnetic vy, - 38(X — X,;); otherwise a = § = 0.

» What we calculate

e Spin torques 7 =71 x J{o)

e Spin expectation value

d d>
@00 = tin | thﬂ s u&&mx, £, P)

Momentum integral and spin trace are carried out during the self-consistent

calculation of the self-energy.
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Spin renormalization and Gilbert damping

Pl
« 1st. order w.r.t. time gradient 9o Py (4,B) = 1 0,40;B

Xﬂ v v u
.1 - 1 Lo~ np = ng =&y
Go ' Gp = ZpGo — inp 0,Gg 0;Go ni”pv =Fu
o Lesser Green'’s function
Gs =+ l(G}f — GH)f (=po) + G;(l)f'(—po)] Fermi-surface terms

only for dyo or Fjg

[(G},‘)”G}} = sRGR — ina,(GE) " 0,G¥ |
(68 (68 - 68) - [(6&) " - (68) | o168}
Momentum integral

R = = - Contribution to
2(§)N(X) X 1(X) -0 spin renormalization
952(5) = A5, () + B(E)

252 (Sr) = ()/i - VS/B)gll§2 (5) Vi X niviziys X nsvsz

\ /




STT and B-term

 2nd. order w.r.t. space gradient d,: and electric field F;,
o Lesser Green’s function
Gfq = +|(GRq = GRQ)F(—=10) + Gy £/ (=p0) + G & f " (=po) |

EG}}) Gp.g = ZpaGE + [zgc;,, +ing ;280,68 — ing 9,(G} )'1a,c;g+(p<—>ﬂ

+ 77p ngLaIaK(GO ) aIaLGS{

(&) 6% =2§£}£Go +256<(” + @56 + ing o, <<1>a,ao in™°[3,5R(GR — G4) — (& — £4)2,64]

n£”°n5L {alaK(Gé‘)' 0,(0F — 68) + 0, [(65) ™ = (68) | a10kGE} + (P o Q)
Momentum integral

Contribution to

o Example of calculation
B-term

\ SR 21 () = (1 — 15/3) g1 (€)




Chemical-potential dependence 7 = 7n x J{o)

1/2
_) TiO [TSTT + Tﬂﬁ X]axiﬁ

.k 2m)\*? L e 1 (2m
T = —4—7_[2(?> [Tren + TaTt X]n_4_7.[2< 72
tren =17 [ @€ {FOT-S 9[- @ 155 /2]}

—

\ Fermi-surface term

o
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Summary

e Gradient expansion: Wilson line > Wigner representation
o Perturbation theory w.r.t. spacetime gradient and field strength

o Explicit gauge covariance

e Application to spin torques

e Spin renormalization and Gilbert damping

& 1st. order w.r.t time gradient
e SOT ¢« 1st. order w.r.t. electric field

o« STT and p-term < 2nd. order w.r.t. space gradient and electric field
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