Spintronics: Basics and Applications

Lecture 4

Magnetic anisotropy energy
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Magnetic anisotropy energy (MAE)

=Pr-L

Bulk systems: the magnetization curve depends
on the direction of the external field

Fe bcc

K,=4.8x10" J/m®
=2.4 pueV /atom

Co hcp
easy axis: (0001)

K, =4.1x10° J/m°
=45 peV [atom

Ni fcc

K,=-5.5x10° J/m®
=-0.3 weV [atom
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The area MH represents the
energy stored in the system.
The energy difference between
two directions gives the MAE



Magnetization easy axis and saturation field depend on supporting substrate =pP=L

Co,/Pt(111) Co,/Rh(111)
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P.Gambardella et al., Science 300, 1130 (2003).( A. Lehnert et al., Phys. Rev. B 82, 094409 (2010)



SOC: origin of the magnetocrystalline anisotropy (K,,.,) “P-L

Orbital d-shell moment in an atom See exercise: 4.1
, Z
T | Qualitative argument
L,=+1, +2
Orbital d-shell moment in a thin layer
In-plane orbits are quenched, Out-of-plane orbits A StI’Oﬂg directional bond (CryStal fleld)
d-orbitals are formed are less perturbed . .
Ly o generates a reduction in the component
@f).!__e i 9 ‘D & O O of L perpendicular to the bond direction
@ @ @ wx O O
d, ~|L=-2>-|L,=2> Oz~ | L=-2>+|L,;=2>

- d electron in a free atom. Free orbital motion -> atom with maximum L, due to Hund’s rules

- atom in a plane forming bonds with neighbours atoms .

-a) in-plane orbital motion frozen by bond formation  -> out-of-plane orbital moment is quenched symmetry breaking implies
-b) out-of-plane orbital motion unperturbed by bonds -> in-plane orbital moment stays unguenched anisotropic orbital moments

-The spin moment S is isotropic. _ o
However, spin-orbit (1 S:-L) locks the spin along the spatial direction having maximum L == easy axis of magnetization

Magnetocrystalline anisotropy energy (MCA) Kyca = AS - (L, — Lx,y) .



Correlation between K,., and out-of-plane L in Co,/Pt(111) “PEL

See exercise: 4.2

Co particles on Pt(111) with average size n
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P.Gambardella et al., Science 300, 1130 (2003). 6



Reaching the MCA limit in 3d metal atoms: Co,/Mg0(100) “P=L

free Co atom Co on MgO
E(eV)4 .
. - Co atom on MgO adsorbs on top of oxygen

W +0.000 + -4 =0 - strong uniaxial bond preserving atomic values of L and S.
@ +0.004 FH4+44 | =E Fr T FromxmeD: £,=2.9; 5, =3/2
#2000 @ o oy ey G.:J | =2 - The uniaxial bond generates a strong out-of-plane anisotropy
MgO == -

Ag e L=3 L,=3

S=3/2 8,=3/2
KMCA ~AS- (Lz - Lx,y)
Ly(Ly) =0 AL = L, — L, = 3 = maximum value L,=3
Lede: = —iday Lyde: = ida_p» Lode: = idy:
—ivV3dy2_,2 —
(dnllyld3,2_p2) =0 = Ledy: = iVBdaa 2|Lydye = iday 3 Lidy. = —ida | {dnlLsldsz 42) | =0
_ tidza_y2 | d.,v|L, |d,2_.2 |=2
(dyz|Laldyz_y2) = 0 Ledsy = idas Lydsy = —idy Lidey = —i2d,a_ (day|Lzldezy2)
Lod, o = —id,. Ly, ,» = —ida. Lod, o = i2day | do L. |d | -1
(de|Lx|dxy) =0 Lodss 2 = —i/3dy. |Lydga 2 = iv3das L.dys 2 =0 ( yzl Z| xz)
Matrix element are non zero because

Matrix element are zero because dy,, and d,, and de—yZ are degenerate as well

d,2_,2 are not degenerate with d,,; and d, as dy, and d,,

I. Rau et al., Science 344, 988 (2014) 7



Co, Fe atoms on insulating substrates: MgO/Ag(100)

cPrL

Charge distribution

Spin distribution
Majority Minority

| +0.000
@ +0.004
0+2.000

Different interactions with neighbors atoms for Co and Fe

Axial (C)
crystal field

—

C4v
crystal field

»

E(eV) 4

0.21

0.12

-0.17
-0.27

E(eV) 4

0.89
0.43

-0.81

‘— d3zz_r2
Rk dez dy,
— duy

+da

»

J— d3zz —r2
lul= oz dyz

"— dxy

-0.94

4 dyz_ 2

I.G. Rau et al. Science 988, 344 (2014); S. Baumann et al. Phys. Rev. Lett. 115, 237202 (2015).

V .

ee*

L,=29
S, =13

L,=29
Vee+ VSO: {Sj =1.3

Lyy=0
KMCA ~ 60 meV

Ly, =0
KMCA ~ 20 meV
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Example: L1, phase in FePt alloy

Low MAE
I

Ordering by
annealing to
about 600°C

Disordered

High MAE

Ordered, L1,

CF tuning of the MAE

q=(0,0,1)

q=(0,0.5,0.5) q=(1,0,0.5)

AF,,,c (meV)

D. Alloyeau et al.,, Nat Mater. 8, 940
(2009); Z.R. Day et al. Nano Lett. 1, 443
(2001); S. Sun et al., Science 287, 1989
(2000)

S. Ostanin et al. J. Appl. Phys. 93, 453
(2003); S.S.A. Razee et al., Phys. Rev.
Lett. 82, 5369 (1999); J. Lyubina et al., J.
Phys.: Condens Matter 17, 4157 (2005)

w—a ¢(001) — e(100)
a=-==-5 e(001) —e(111)

7 I
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k,u,c> are the Bloch functions with eigenvalues €, (k)

Hyo ={¢ Z (2, 02| L - Slpy, 01) Z CL:.H: (F)Cpy0, (K) k the electron wave vector,
H1H2.01.5 k 4 the d orbitals,
o the spin.

c' (c) are creation (annihilation) operators

It has to be calculated between occupied |gr> and
unoccupied |ex> states

Lo Lo

|EX) — FT {k)flrl.ﬂl {‘!‘}lgl)

Ny .0y

H,, is a one-electron operator The excited states are

diagonal in k (k is conserved) unoccupied states En o1 (R) < €F < €ny.cn (K)

In 3d metals H,,= 50-100 meV << band width = 1-5 eV (due to the Coulomb repulsion and crystal field)

Spin-orbit can be treated as a perturbation:

- first order evaluation: the d orbitalshave [, ,,=0 -> <u|Hg|xz>=0

- second order evaluation 1s # 0

(gr| Hyolex) (ex| Hyo|gr)
o= ; Egr T Eex

DOI 10.1088/0953-8984/10/14/012

MCA in transition metals: theory “PEL
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m Calculation of the spin-orbit energy “PEL

SE = —CZZ[A(& o ML Sy M) (2, A L - S|y, 1) =) Majority to majority state
e

+A@, L D VL Sl Wz L |L - S|, {) wessp minority to minority state
=A@ D L - Sy, L) (2 L L - S, 1)

mmmp  spin-flip transiti
— A0, ], TN&I' 1 |L . Sl&f T>(Iu2- 4 |L . Sl#l- ‘L>] SPIN-THP transitions

dE] dE.‘g

AB,o1,m) = f Z”m.ﬁl.m(k»Eljﬂug.uﬁ.crg(k+ £2) 0 = u]"&l"lu'z"ﬁz
£ <Ep<Ep 92 - 8]. k _h

Er

majority to majority state
. : minority to minority state
majority spin (dashed)

minority spin (solid) Spin-flip transitions

G.H.O. Daalderop al. Phys. Rev. B 50, 9989 (1994) 11



Magnetocrystalline anisotropy energy (K, “P=L

1 (2 21 AE,, . is the exchange splitting between
OF =~ — —C S - (Ll — LT) + [ S-T+ Z(SZLZ)ZI majority and minority states
Majority to majority Spin-flip transitions T =8 — 37 - S)

Minority to minorit
Y Y Magnetic dipole -> Anisotropy of the spin moment

(for ex. due to an anisotropy of the electron charge
distribution)

Kyca=6EH | z) — SE(H || x,v) Kyjca = energy_dlf_feren_ce b(_etween two
magnetization directions
If majority states are C (2
jority K ~2S.AL + 0( ) P. Bruno, PRB 39, 865 (1989);
completely full ( L™= 0) MCA ™ 4 z,x(y) AE G. van der Laan, JPCM 10, 3239 (1998).
exc
¢
KMCA - a_S * AL
Frequently 4 J. Stohr, J. Magn. Magn. Mater 200, 470 (1999);

a~01 — 0.25

In thin film and nanostructures, the factor o is necessary to find a good agreement between XMCD and other magnetometer
measurements. Discrepancy probably due to spin-flip term and not perfectly spin-split bands 12



Magnetocrystalline anisotropy vs. band structure “P-L

G.H.O. Daalderop al. Phys. Rev. B 50, 9989 (1994)

Free-standing Co monolayer

-5

Spin-orbit off

Majority spin (dashed) and minority spin (solid)

E (V)

Spin-orbit on

Hot spot (red circle)

S// z (solid) and S // x (dashed)

Magnetization easy axis = axis corresponding to the lowest energy (x in the present case)

Hot spot:
Degenerate states close to E;
can give huge contributions
to the MAE

—

H/l z

H /I x

J

~—_

Spin-orbit splits the degenerate states in such a
way that one state is shifted below E¢ and the
second one is shifted above E- when H // x

13



Ex.: FeCo bulk “P=L

" FeCo bcc -> Kyca= 1-2 peV/atom
100 | oSmCes "o° { +— FeCo bct -> K},c,= 0.8 meV/atom

6 3
K, [10" erg/cm™]
@)
o]
m
]
=
o
us]

O taf—t—— L K, [ueV/atom)

700 - 800
600 - 700
ME 5 3,2 s
. [10” (emu/cm™)’] d ‘ K 400 - 500

300 - 400

- . . 1.2 200- 300

Enhanced Ky,-, for composition and c/a distortion s
giving degenerate d,, ,, and d, states. 1.1+ - e 2

R - -300 - -200

0 5 10 15 20 25 30 1.3+

c/a

[OOEOeE

—
)

s [Mg/atom]
23-24
22-23
21-22
20-21
19-20
18-19
17-18
16-17

—_
o
=

O00EN

Spin orbit split these two
degenerate states: maximum
: Kinea fOr

b, 1 . 1 14 ¢/a=1.2andFe,Co,. o o A

c/a Co conc. x

Eigenvalues at I" [eV]
(o) (o)
o (6]

O
o

Calculated minority d-orbitals eigenvalues at the I" point as a function of ¢/a ratio.
The Fermi energies of Fe, Co, and Fe,, ;Co, s are indicated by dashed lines T. Burkert et al. Phys. Rev. Lett. 93, 027203 (2004); 14



Ex.: FeCo monolayer on Pt(111) “P=L
M/ z M /] X

M /] z M // X
Co/Pt(111) —

 FelPt(111)
'\.\ / 1.5 / u

Energy (eV)

Energy (eV)

Fe,:C0,:/Pt(111)
1) Degenerate d,, and d,, , orbitals at ;
Fermi level for Fe,.Co,.

2) Splitting of the d,, and d,,_,, orbitals
-> gain in energy when M // z
-> 7 is the easy axis with large K.,

Energy (eV)

TE
S. QOuazi et al. Nat. Commun. 3, 1313 (2012); G. Moulas et al. Phys. Rev. B, 78, 214424 (2008)

15



Electric field control of K, ,, “P=L

N
d_40-°F \\\ [] \ \ / 1 minority-spin band for an Fe(001)
xz RN A , A T — ; P . | |
Y2 s | A\ A \ 7  monolayer in an external electric field E, : T =
A RN / \,\“}{_,_‘f \ /1 E,=0 (dotted lines)
— SL\ RN i :,' i \ .-'::.:: _ o . .
SN g V' \‘-. Ve E,=1 ey/A (solid lines). | 70 (100 nm)
g -p / %\ f;‘\ f \ -__fj <« Arrows indicate band gaps induced by the Polyimide (1,500 nm)
2 0.0k = — Wi 7~ electricfield. MgO (10 nm)
S d,, Y Y g | Fe (2-4 ML) - A
~0.3F ;-’fd :@ ;“A\. . Au (50 nm)
X2-y2 f.‘f III\; i \Q Cr (10 nm) A
-0.6 _-/3 ~ / ,\ o MgO (10 nm) / |
. - 4 \ o
o0 9l {El) / de_ \\‘ | MgO (001) substrate Magnetic field
T M X r
=200V
. . 200V A
Electric field -> Y% symmetry ~
- -' C
(I'm'|Y?[lm) # 0 = : :
when [’=[+1 and m’= m = i \/’\“
a a
small components of the p orbitals: i s
. . I 0 1,000
Cer|e5 (pz) and trlangles (px,y) : Magnetic field (Oe)
o 9000 -500 | o © 500 " 1000
Mixing of p and d states opens the gaps Magnetic field (Ce)

K. Nakamura et al. Phys. Rev. Lett. 102, 187201 (2009); T. Maruyama et al., Nature Nanotech.. 4, 158 (2009) 16



K, .o Vs. AL in multi-element system =P

; ! ! The MAE is written as a sum over atomic species g, and as a
AE,, = ZAEF; = Z{E;"' () — E3 (11y)} double sum over the spin indices, s (occupied), and s’
gss' qss' (unoccupied)

ol ran (gms|H oo(A) | gm"'s'Yqg'm"s'| H (/i) g'm’s)
Eq (”) — _Z Z Z Nkis,gmq' m "k js'.¢'m", gm'" e —
i

Kij g im) i ki

sum over all k points in the Brillouin zone, all occupied states i, all unoccupied states j, all species g’ and
magnetic quantum numbers m

Calculation as a function of the deformation parameter y = (c/a)/sqrt(8/3)

| | | | ! |
0.95
sum over all sites gives off-site contributions (g # q’) through
the spin-orbit scattering (or coupling) at other sites. < 800 7
El
Au is 5d'0 6s! -> negligible Sand L -> 8 600
&6 . e T K o AL
a) S and L can be not zero due to orbital hybridization - Co
b) very high spin-orbit constant { = 600 meV W a0k |
]|
oL . L
The magnetization easy axis does not always < 200 | 4—@ ColAu .
coincide with the largest orbital moment moFa O 7
L ] L L ] ] L | L ]
-0.04 20.02 0 0.02 0.04 0.06

C. Andersson et al. Phys. Rev. Lett. 99, 177207 (2007) -Am . = m %% m27 (1)



Magnetization easy axis and MAE value depend on supporting substrate “P=L

Hybridization with the substrate defines the MAE

in-plane easy axis

Out-of-plane easy axis

Co,/Pt(111) Co,/Rh(111)
[ = ¥ * ¥ = T * T T T * T 7 ~ T T | T ' T ' T ' -
| K, =9 meV/atom = K, = -0.6 meV/atom :
= i -
< ]
= _
= N _
= ]
00000000000 Ny , _
by E i
;-‘.'c - 4
= -
S —6 =701
6 -4 -2 0 2 4 6 - -4 2 0 2 4 6
B (Tesla) B (Tesla)
P.Gambardella et al., Science 300, 1130 (2003).( A. Lehnert et al., Phys. Rev. B 82, 094409 (2010)
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Dipolar interaction “PEL

Long range interaction between magnetic moments
Magnetization orientation

AN

H _M_:g(ml'r)(mz’r) M
dip 3 5 1
r r ||
m, and m, : magnetic moments of two atoms -

in a particle or moments of two particles -

l \ . &
Domain formation:

competition between exchange and dipolar
interaction Interaction between close particles

A ~ /" N
(@) € MU »
o oo




Demagnetizing field: shape anisotropy “P=L

Infinite plate finite plate
4 4+ +

poles only at very far ends -> poles at the two faces -> H,,, # 0

e : H,., is the demagnetizing field
no magnetic field outside the plate Hy,,,= 0

_ My
‘dip _EIM ' Hdede
Shape anisotropy:
H,,=-DM the shape determines
the magnetization easy axis.
Sphere: co-Cylinder: oo-Plane (thin film): It is proportional to the volume
100 100 00 0
D=0 1 0 D=0 1 0 D=0 0 0
00 5 000 00 1 H,, forces M along the
Uo U _ Mo longer side of the nanostructure:
Ex,y,zzzMZ Ex,yZTOIW2 E,=0 Exy=20 Ez—7M2

Sphere - M isotropic
Cylinder - M // cylinder axis

Disk —> M // disk surface 0



Magneti anisotropy energy (MAE) =P

The magnetic anisotropy energy (MAE) is the sum of MCA and shape Magnetic anisotropy energy (MAE)
Kmae = Kmca + Kshape

Ky 4r(8) = Ksin?0 = —Kcos*6

Empirical relationship with 8 = 0 giving the easy axis
direction of magnetization

Note that MCA can have more than one source:
- film crystal structure,

- interaction with a supporting substrate,

- interaction with a cupping layer,

- strain

21



Spin re-orientation transition in thin films “P=L

Co/Pt(111) See exercise: 4.3

T'= 300K
| Easy axis defined by the competition between MCA

fsi (hybridization with substrate) and shape anisotropy
S
g
@
ok in-plane
< p
out-of-plane
3 04 5 6 7 8 9 10

thickness (ML) Co wedge

Pt substrate

Orientation and shape
of Co magnetic domains

S. Rusponi, P. Gambardella et al.: X-ray photoemission electron microscopy, SIM beamline @ Swiss Light Source 22



Magnetic domains

The magnetic configurations are determined by the
competition, at a local scale, of four different energies:
Zeeman, exchange, magnetocrystalline anisotropy, and dipolar coupling.

E=- ,u,ﬂ,u,HE m; —JE m;-m;— 2 k(m; - e;)?

i i) i exchange, magnetocrystalline energy ->short range
) o’ S 3(m; - r)(m;-r;) mm, dipolar energy -> long range
5 3
811_ ijEi r.f_," rn;_,."
ll R::'ptm R::'mm R='J'm R——-'J'km
“1_5 i =3
- oh 4 ; terathin fil in-plane magnetization
Ex.: Magnetic phase diagram tor ultrathin films
with perpendicular anisotropy %W/}WW
(lex = 2nm) Lol
: multi-domain and
! incoherent
05
2A single- ~
lex =T M2 A= 2]52/a is the stiffness gzgiam single-domain films but I ML -
Ho coherent incoherent reversal
040 1 1 1 1
i 1000 10° 10° 10'?

M. Bode, Rep. Progr. Phys. 66, 523 (2003); R. Skomski et al. Phys.Rev. B 58, 3223 (1998)

=P

23



In-plane magnetized particles “P=L

N
Increasing the particle size, domain formation Magnetic.phase diagram for ultrathin particles with
minimizes the magneto-static energy due to the in-plane anisotropy (Fe/W(001))
. . 2f T - T ; =
d|p0|ar field 100 : e Single-domain ]
= o Vortex E
E 6F — Cowburn etal. 1
c ar i
- - Vortex -
0 2l O 4
4-\ /’ g : o
% 1085_ O ao _E
- i [ 4
ol Y Single |
: ° Domain ]
15 | : | : H
\, 100 200 300
Diameter (nm)
Flux lines Flux lines are paphy . SP- TM
extend outside confined inside y R e
the particle the particle ;

magnetic domain pattern of a 8 nm high
Fe particle grown on W(110)

R. Skomski et al. Phys.Rev. Lett. 91, 127201 (2003)

A. Wachowiak et al.. Science 298, 577 (2002) 24



Domain wall “P=L

Ex.: SP-STM of 1.3 monolayers Fe / stepped W(110)
In a Bloch domain wall, the magnetization rotates about the

normal 71 of the domain wall

Bloch wall //// /j ) ) “ 4 / ..... //'/ g
A
: w=06+02nm 4
: . / ° ° |al§al displ?i:emen:?nm] 50 *
Néel wall /‘/// ...................................... ///’ ....... Bloch wall
In a Néel domain wall, the magnetization rotates about a line mm
that is orthogonal to the normal 71 of the domain wall. #///IHHHIH

DOI:10.1063/1.5087925 M. Bode, Rep. Progr. Phys. 66, 523 (2003) 25



http://dx.doi.org/10.1063/1.5087925

Bloch vs Néel domain walls “P=L

200004
a
tioooo
erg/cm? -
IO 5000 n
'8 \
77N " N IEL “l"'l-l- [ NEEL WALL
6
| [CROSS-TIE WALL 1000 ¢
4 et BLO 500 |-
CH WALL i
/ i
N4 SR
0 o . | BLOCH WALL
0 200 400 600 B0O 1000 1200 1400 1600 IBOOA o I IR S T P P B
D— 0O 200 400 600 800 1000 (200 (400 (1600 ::;‘.E:
Fic. 1. Energy per unit area of a Bloch wall, a Néel wall and a . , '
cross-tie wall as a function of the film thickness [ 4 =107 ergs/cm, " FI%F 21.:hw%llln;w§}}ih l?]i eﬂ- Blﬁgl_l_“l’gl_la and 0}' aN (.a?l{d Télogs é func&
M3=800 G, and K=1000 ergsfcm”]. &Dilmo ef'gs/cmal ¢ 5 o ergs/cm, 5= ; an

The material and geometry decide the type of magnetic domain
- The Neel walls are favored in thin easy-plane anisotropy films
- The Bloch walls are favored in thin perpendicular anisotropy films

S. Middelhoek; J. Appl. Phys. 34, 1054-1059 (1963) https://doi.org/10.1063/1.1729367 26



https://doi.org/10.1063/1.1729367

Bloch wall energy and width =P

Exchange contribution for a couple of spins:
Aligned: 2JS; - ;= 2JS?

5 L .
Wall: 2JS; - S;= 2]S2 cos 0 = 2JS%(1 — 0?) Variation in exchange energy for a wall of N spins
2

F

L

0
2 _5re2¢q 0 292 AEgy. = NJS26% = N]SZ(E)Z—]SZH—Z l ‘ ‘ ]7’/
AFoxe = 2J52 ~2JS2(1 =) = JS?0 exc = = N =50 "

2 Bloch wall

Exchange contribution, per unit area, for thin film of material with lattice parameter a: Y, = /S Nz

Anisotropy contribution : Anisotropy contribution, per unit area, for thin film of material with

Aligned: Ksin?8 =0 — | . VKa
Wall: SN K sin2g; = ﬁf;r sin?0.do = % anisotropy per unit volume K: Y ni = -
A
Total DW energy per unit area is: _ _ _ _ dy 2]
NKa 2 The width of the wall is obtained following: —2%* =0 == N = 7§ a3
VDW=Vani+Vexc=T+]SZW a
: 2JK
Bloch wall energy per unit area: Ypw = TS /L = mVAK
¢ A=2]5%/a

2] ) IS the stiffness
Bloch wall width: Spw = Na =S |2 = \/;

27



Skyrmion size “P=L

https://doi.org/10.3390/nano012244411

The skyrmion size results from a balance between:

(i) the DMI energy which favors larger skyrmions,

(ii) the cost in anisotropy and exchange energy at larger radius, which favours
smaller skyrmions,

(iii) the curvature energy cost at low radius due to the exchange energy

(iv) the stray field (dipolar energy) which tends to increase the Skyrmion

,
Table 1. Selection of thin film multilayered materials illustrating Méel skyrmion stabilization. We indicate the

material (multilayer system), the measured diameter of the skyrmion core, the magnitude of the DM || (1; )
L}

the temperature of the skyrmion stability and the reference of the paper containing the study.

Diameter of Skyrmion

M;;i::y:.r Core DI ( %r ) Temperature of [ik}yrmiun Stability Reference
{nm)
Pt/Co/Ta 75200 13 = 300 [5]
Pt/Co/MgO T0-130 20 = 300 [6]
IrfColPt 25100 MA. = 300 [7]
[IfCo/Pi]1g 100 2 = 300 [8]
Pt/CoFeB/MgC =250 1.35 = 300 [9,10,11]

PdiCoFeEMgO =200 078 = 300 [12]
W/CoFeB/MgO 250 03-07 = 300 [13]
TalCoFeB/MgO 300 0.33 = 300 [14]
Ta/CoFeB/TaMgO 1000—2000 0.33 =300 [14]
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Dipolar long range interaction

Long range interaction between magnetic moments
m,
m,-m, _(m;-r)(m,-r) g
Hyp = 7 =3 5 m,
I I

m, and m, the magnetic moments of two particles

m; r m; In the last decade, to overcome the
f - ?’ 1Tbit/in? limit, the storage media has
adopted perpendicular magnetized media in

place of the longitudinal media (ex. the L1,
ol ) ' ? ’i phase in FePt)

—2m/r —m/r 1

The out-of-plane configuration
—_— reduces the dipolar interaction
2m /r

=P
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