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Lecture Il: Magnteic anisotropy

Introduction: origin and kinds of magnetic anisotropy.
Il. Crystal Field effects.
lll. Spin-Orbit coupling: origin of crystalline anisotropy.

IV. Crystalline anisotropy (bulk). / Shape anisotropy: dipolar
interactions,...

V. Effects of anisotropy: SW model, dynamics, relaxation...

VI. Surface anisotropy (nano): atomistic vs. effective models.

VII. Unidirectional anisotropy: exchange bias

VIIl. Other anisotropy terms: magnetoelastic, induced,...
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» In a (ANTI)FERROMAGNET:

EExch _ _ 7 & . & Invariant with respect Cooling S ez e b
. = can point in
to coord. system below T,

any direction

> But real materials are not like this:

Crystal fleld effects Energy depends on
| — . - | —

—

Spontaneous magnetization lies
along preferential
crystallographic directions

the direction of M

SO Coupllng (easy axes) »
» Phenomenological description: ‘ .
thermodynamic (Gibbs free energy) = EM™ = f(M;) + Kunis Keubs Ksurg, .-

function of M
anisotropy constants (J/m3,...)
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Types of

magnetic
anisotropy

Qﬂjﬁ Magnetocrystalline

direction of M w.r.t. crystal axes,
coupling between M and the lattice
via SO interaction

&

I A\
direction of M w.r.t. shape axes,
< * Magnetostatic (shape) coupling between M and demagn.
L * field via Zeeman int. )
e ] ] ™
breaking of crystal lattice at surfaces
Surface and interfaces (Néel),
3 increases @ small sizes §
a oy A\
3 proximity effects,
¢ Exchange coupling bw. FM/AFM,...
L loop shifts, Exchange Bias )
(" . . . . )
direction of M w.r.t. lattice, coupling
))) Magnetoelastic between M and crystal strain (SO
interaction)

}' Induced

by magnetic annealing (H+Heat),
stress annealing,
plastic defomation,...
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The Interaction Hamiltonian of magnetic ions in a solid is the sum of different terms:

H =Hy + Hso -+ %cf + A,

S NN

Coulomb Spin-Orbit Crystal Field Zeeman
|L, S> AL - S /d?’rpo(l‘)q)cf(l‘) upByg - (QLL + ggs - S)
H0 HSO Hcf HZ
1-10 eV 1.25-250 meV 12.5 meV-1.25 eV <1.25 meV
4f: 10-50 eV 100-500 meV 0.25 meV

* Notice that the Spin-Orbit coupling and Crystal Field interactions are generally much larger than
Zeeman interaction.

* As aresult, the magnetic moment is always a small perturbation on the electronic problem. The
magnetic properties are solved by perturbation methods.
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Relative size of interactions in solidsi)

4f" ions in solids n\ 3d" ions in solids

_@ J/,/_,Dﬁ

f/-

| '-3d

(ar o)

—n—’ f/—_h —ﬁ—’ n
4f 3d )

U _/

\I

n-1

¢

~1eV 2S+1 ~1-2eV .
L, I
~5eV ~5eV / ‘
0 meV — ~1-2 eV
2541
Sl l <1 meV
23+1LJ I !
Coulomb and exchange SFS,';‘ Bonding Coulomb and exchange Bonding SF;::[:
orbi orbi

L.__._y_._)

Excited configurations, Single configuration, Excited configurations,
ionic charge neutral ionic

Single configuration,
charge neutral
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[Central idea: The electron spin interacts with the crystal structure via the S-O Coupling

e

®* The spin moment is coupled to the electron cloud (orbitals): S-O coupling.

* When an external field rotates the e spins, the orbitals try to follow them: energy cost
depends on the orientation relative to neighboring orbitals.

If orbitals overlap along a given direction: additional energy cost due to Coulomb repulsion.

Some orientations of the total magnetic moment are favorable: easy-axes.

overla

e

Higher energy

%%%%%
%N%%%%

small overlap Lower energy
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» Spin distribution affects electronic wave-functions.

> Different electronic wave functions have different Coulomb interactions.

» Thus, spin distribution has an associated energy.

» Spins “see” real space through the Pauli principle + Coulomb repulsion.
" e — e —

=

Magnetic anisotropy can be defined as the energy associated to a
change in the orientation of the magnetic moments.
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A
» Developed by H. Bethe (1929) and J.H. van Vleck (1935) Energy X
» Influence of anions surrounding a magnetic cation.
» Coulomb interactions between 3d, 4f ion and cations. d‘“
» Both lattice environment and coordination matter.
- . Degeneracy [ Charge and n of the metal ion.
Free metal cation: Surrounding Coulombi breaking Level
d or f degenerate | | > _ o om. Ie | ?v.e Spatial distribution of ligands:
orbitals anions interaction Symmetry splitting { Octah., Tetrah...
reduction Orbital symmetry and
occupancy.

* Main purpose: compute level splittings.

e Calculation of crystal field potential: Coulomb interaction due to anions.
* Energy splittings: perturbation theory, with V(r) as perturbation potential.
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( CRYSTAL FIELD THEORY j

Only Coulomb interactions between TM cation and n.n. anions considered.
The hybridization of d TM orbitals with p orbitals of ligands (covalent bond) is neglected.
It is a 1-electron model.

Gives relative energy splittings, the order of magnitude is correct but not the values.

LIGAND FIELD
THEORY

» Incorporates ligand orbitals through Molecular Orbital theory.
» Uses group theory symmetries to derive level splittings.
> It starts with the correlated multiplet states 2>*L, of the free ion.

» The LF to correlation ratio gives the energy splittings. Dq,... as empirical parameters
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~ YD 1 _
Ya NE(YQ 2_Y22)
1
1 _ ~ Y_l—Yl
~ E(Y2 2 1+YH) \/5( 2 2)
1 _
NE(Yz '+ Yy)
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Coulomb potential due to all 6 anions Coulomb potential due to one anion @ (a,0,0)
A ®
—1/2 AN
6 —Z 20 1? N
—Ze € Lo
Vet (F) = Vi(r) = {1——+—2 N
oct(_)) ; 471'807“7; 47]'60(1, a a ° : \ °
: gq=~Ze
d
Expansion for small r/a.... ®
&\*eag 0?
Summing over all 6 anions and using symmetries...
3 35Ze 4 O 14 4
Vour () = =D(a" 4y 2" — =) + Ct. D= qgs oct () ~ ¥ 1Y 1)
(a) Calculation of energy level splittings: example with orbital dxz
15 xz .
|dyz) = ET_QRHZ(T) x=rsinfcosyp,...

Lraa = <T4> - / dTT2T4Rid(T)
0
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Performing the angular integrals... S
g
15 3 3 357e PN
ATy, = DI — — = | =—-DIl.,4g—— D= —— N
29 rad (21 5) rad 105 1671'80035 *— ®
: gq=~Ze
d
(b) Calculation of energy level splittings: Example with orbital d 2  (

12

Finally, it is customary to use the following notation
for the difference in energy splittings:

2
AEQ == 6Dq == EAO

3
ATQQ = —4Dq = _EAO

Ao = 10Dg = AE, — AT,
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Overlap of the e, orbitals with the ligands (o bonding) is stronger than for the t,, orbitals (n bonding)
t,, orbitals have lower overlap with neighb. anions = less electrostatic repulsion = decrease in energy.

e, orbitals have higher overlap with neighb. anions = strong electrostatic repulsion = increase in energy.

TM orbitals that point more toward the ligand positions are higher M
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* The situation is reversed in tetrahedral symmetry (4 anions):
* e, orbitals have lower overlap with neighb. anions = less electrostatic repulsion = decrease in energy.

* t,g orbitals have higher overlap with neighb. anions = strong electrostatic repulsion = increase in energy.

* (Calculations show that the crystal field splitting is smaller than for the octahedral case.

At = (% + §)Dq = %Ao
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TM orbitals that point more toward the ligand positions are higher in energy
Symmetry properties of the anions determine the splittings and degeneracies.

— —
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*  What happens when the ionic charge of the cation is varied: d", n=1,...10 ?

* Remember Hund’s rules...

> d'tod t,, are progressively filled.

|
| » d°tod™¥: t,, already filled (spin paired), e, are progressively filled.

I
| » d? d°, d° d’: two possibilities (H/L spin), stay tuned...

What determines if an ion will be HS or LS?J
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Coulomb interaction U leading to Hund’s 15t rule (maximize S) is greater than or less than the CF splitting

——

S ™™ - N ——

For the d*-d’ configurations, the electron filling of the 10 possible d spin—orbitals leads to two distinct ground
states, depending on the relative size of the electron correlation energy relative to the LF splitting: \

° If the electron correlation energy is larger (or “high”), the ground state has high-spin.

° If the electron correlation energy is smaller (or “low”), the ground state has low-spin.

A €4 %;, & ﬁ ﬁ
e o L PpLr - - @ m—m—m—m———————— 1
J : Tetrahedral case: |
4 |
5| /10D, | |
o| = |« Weak ligand field. |
LU : * Usually high spin. |

.‘1.‘l t ___________ J
| s and s orbitals: |

E

|
d ) Fe™ Fe* | |
. 7),
I Y, L' Always low spin. |
High spin Lowspin = 0 0———————————
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The electronic structure of the TM ions has different possibilities depending on the relative magnitudes of the crystal
field splitting energy A, and the exchange energy J.,,.

e S e

* IfA>1J,, the ground state configuration is obtained by filling the orbitals completely, starting with the lowest t),
energy levels.
* If A<, then the ground state is obtained by filling the orbitals singly such that the spins are all parallel.
—_— — — —~— T — e ———
| —— Fe3* (3d°)
VY |
Bl 1+t
| T A];IJQX
Lowl—spin Highl-spin
U> A, HS (S=2) U< A, LS (5=0)
FeCl, FeS,

TM oxides have high spin states with Co3* (d®), Ni** (d”), and Ru** (d*) being notable exceptions.
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Competition between crystal field and S-O coupling: AE ¢ << AE., Hund’s rules are applicable.
AE>> AE,, Only lowest levels are occupied.

High Spin state Low Spin state
Electrons occupy t,, and e, levels Electrons accommodate first in the lower
according to Hund’s rules. t,; levels and pair up to 6 e’s. Then
eventually occupy the e, levels.

High spin S=2 Low spin S=0

eg
A, << A LS

Examples: Verwey transition in magnetite, Jahn-Teller effect, oxy-deoxy transition.
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Crystal Field stabilization energy: difference in electron energies in presence and absence of splitting

CFSEoc = FEin Lr — Eiso

High Spin (d?)

dz,’. dx]_),f I
111 it
dy  dy

dy —y? dzz

d, |

AN

Free ion } ] } +
I 4 4

CFSE =[3 x (-2/5) + 1 x (3/5)]A, = - 3/5 A,

High Spin (d’) Low Spin (d”)
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Crystal field splitting depends on the kind of ligand: affects the strength of the d-p covalent bonding.

I Increasing A >

I'<Br <ClI'<F<OH < CO%;< 0% <H,0<NH; <SO0%*;<NO*<S*<CN" < CO<NO

lonic hal ] b Covalent
Weak LF alogen < oxygen < nitrogen < carbon Strong LF

Crystal field splitting depends on the TM ion:

Oxidation state changes filling of the orbitals

Influences also magnetic properties: PM, DIAM. suscept.
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» |If a crystal gives rise to a degenerate ground state for the TM ion, it will distort itself in a form that removes this degeneracy.
» Any non-linear molecular system in a degenerate electronic state will be unstable and will undergo distortion to form a

system of lower symmetry and lower energy, thereby removing the degeneracy.

» A sysiem with a single electron (or hole) in a degenerate level will tend|to distort spontaneously. Cr3t Mn* (d)

i
11
p i

3 3 4 . .
cr3*, Mn3* (d?) elongation contraction

* Example Mn3*: high spin configuration: 1 e” in upper e, state.

* Lower its energy by a tetragonal distortion = level splitting =
lowering of 1 e, state (d,2).

* Filled lower t,, states also split (no net change in energy).

* Tetragonal elongation: d,, ,, ,2 lower their energy.
e Tetragonal contraction: dxy x2—y? lower their energy.

ESM 2023 — Madrid — 5t Sept. 2023
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» |If a crystal gives rise to a degenerate ground state for the TM ion, it will distort itself in a form that removes this degeneracy.

» A system with a single electron (or hole) in a degenerate level will tend to distort spontaneously.

Cr3*, Mn3* (d?)

f t 1
t1 f

3 3 4 . .
Cr3*, Mn3* (&) elongation contraction

* Example Mn3*: high spin configuration: 1 e" in upper e, state.
* Lowers its energy by a tetragonal distortion = level splitting = * Tetragonal elongation: d, ,,, ,2 lower their energy.

lowering of 1 e, state (d,2).

* Tetragonal contraction: d 2 lower their energy.

xy,x2—y
* Filled lower t,, states also split (no net change in energy).
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Weak J-T effects: t, orbitals unevenly unoccupied)

Stronger J-T effects
(e, orbitals unevenly unoccupied) Fe?* (d°) Mn?*(d?) Co?*(d”)

Fe3*t (d7) Mn3* (d4) Co3t (d6)

» 0Odd number of electrons in e-orbital: gain in stabilization energy = J-T distorsion

» Even number of electrons in e-orbital: no net change in energy = No distorsion
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Competition between elastic distortion and orbital occupancy (1939)

* Energy cost to move an atom of mass M away from equil.
position, characterized by Q. Associated to a particular

vibrational mode of freq. .
* Total energy is raised/lowered by the local distortion of orbitals:

E(Q) = £AQ + s Mw?Q?

/

Rising or lowering the orbital Elastic deformation
energy level (linear to 1%t order)

E(Q)

- n * Two energy minima at Q,= TA/(M®?) with Emin=-A?/(2 M®?)

Q * Result: if one of these orbitals is occupied, the system saves
energy by distorting spontaneously.

* J-T theorem does not tell which distortion will occur.

ESM 2023 — Madrid — 5t Sept. 2023
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What happens if an e- can occupy one out of 2 degenerate orbitals? }

— ——

There is ALWAYS a distortion that removes the degeneracy
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TM ion has 4-7
d electrons?

Y N . .
15t row TM? High/Low spin
are the same

N Y

\ 4 A 4

: Strong field
[ Low Spin ] [ ligands? ]

Y N

: High (>+4)
[ TS ] [oxidation state?]

Y N

A\ 4 \ 4

: High spin
[ Low Spin ] [ (except Co3*) ]
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Origin of S-0 interaction:
Coupling between spin moment (S) and orbital moment (L) of e-’s (classical approach).
Dirac equation for relativistic QM (in non-relativ. limit of Pauli) = relativistic origin.

Responsible for Hund’s 3™ rule.

More important for heavy elements and inner shells (4f vs 3d).

A varies as Z* (inner electrons), of the order of: 8 K (Li),..., 60 K (3d elements), 160 K (actinides) |

—e dV . Ze*hug - . -
For an electron Hso = 55 bS8 == H,= —Qﬂg? €8 =&u(r)(£-8)
2mzic? dr iy Ze 8mTmzr
T) =
(r) dmegr
S-0 coupling at the origin of:
Multielectronic Y. — A I: . S A — :I:i * Magnetocrystalline anisotropy.
so — -

* Anisotropic magnetoresistance.

| |
| 1
| |
| |
atom h2 25 | Magnetostriction. |
| |
. * Anomalous planar and spin Hall effect. :
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Electron in atom with +Ze charge

Nucleus as a current loop: I = Zev
27r [ — e
T
1
Magnetic field generated on e-: B = Hot
2r
Rest frame of the nucleus Rest frame of the e B
Interaction energy (mq in field B): E., = _M_; - B
o, —
27T fis = —2ppS
L =merv= Ml - = 2rmeer’l, =——> < —
\.
62 — —
E— ESO s 5 5 3L . S
Adregmzicer
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In atoms 10-100 meV for 3d’s Ene
gnﬁ

J=L+S L-S coupling scheme
L.S:%(JerLz_Sz) 1L, S, J, M)
A
AN=+—
25
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Magnetic moments of ions in a solid: 3d TM and 4f RE

Table 4.6. The 4 flions. The paramagnetic moment me and the Table 4.7. The 3d ions. me is in units of up
saturation moment mq are in units of x4
4fr s L J —g) mg=gJTT+D m? — - -
f £ my= g mef= g/ J( ) M g 34" S L J g 2 "IJ(J—FI) g "S{S—l—l) mg;
1 e+ F 3 3 & 214 2.54 25
2 op* 1 s 4 4 320 3.58 3.5 I Ti*+, v4+ ; 2 3 3 155 1.73 1.7
3 Nt 36 22 327 3.52 3.4 2 Ti**, v+ 1 3 2 3 163 2.83 2.8
4 P26 4 3 240 2.68 3 v et 23 3 2 078 3.87 3.8
3 3 5 2
S Sm® o3 55 7 07l - 17 4 Mt 2 2 0 4.90 4.9
R ; - 5 MRt 3 0 3 2 59 5.92 5.9
7 Gt I o I 2 70 7.94 8.9 ‘ ; -‘ BH 2 - : '
9 Dyt i s L o4 0 10.65 10.6 7 Co* NPt 3 3 2 1 663 3.87 4.8
10 H™* 2 6 & 3 100 10.61 104 8 Ni*t 1 3 4 3 559 2.83 3.2
- L = 0o  cu 1 2 1 ¢ 355 1.73 1.9
2 Tt 1 5 6 I 70 7.56 7.6
13 vyt 5 3 1 %1 40 4.53 4.5
Experimental value agrees with spin only contribution
Good agreement between m_ and experimental value. Itis as if L was zero or quenched.
g . : .  ex
RE’s ions behave in the solid as isolated ions**. fef = 215/ S(S + 1)
1 - L L 1 . 0
pot = 29715 J(J + 1) gJ:§+S(S+ ) (L+1) Why? Origin?
2 2J(J +1)
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Magnetic moments of ions in a solid: 3d TM and 4f RE

Rare Earths Transition metals

12|||||||||| r 1T 1T 1T T 1T 1

N (4f electrons) N (3d electrons)

Experimental value agrees with spin only contribution
Good agreement between m, and experimental value. It is as if L was zero or quenched.
RE’s ions behave in the solid as isolated ions**.

Why? Origin?
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Role of wave functions

Af Rear Earths

3d Transition Metals

=
W
L
o
N
—>

Gadolinium ; Cobalt

Gd
ide 65 em
@ g
0 0,05 0,1 0,15 0,2 23 0 0,05 0,1 0,15 0,2 0,25 ]
r, N r, nm

4f orbitals much less extended, are more localized. 3d orbitals extend further from the nucleus, more delocalized.
4f’s are screened by (lie beneath) 5s, 5p’s. 3df’s less screened (only by 4s).
Crystal field less important than S-O coupling. Crystal field more important than S-O coupling.
34 Hund’s obeyed.
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In the presence of crystal fields (in the solid):

* Spherical harmonics Y™ are no longer eigenstates of the Hamiltonian as for a free atom.
* We have seen that the w.f. contains mixtures of m, states.

* Land m, are no longer good quantum numbers.

° Eigenstates are real spherical harmonics: p,, p, p,// dy2_y2,d 2, dy,y, .

* Purely imaginary.

1€, m) ﬁz — _ihi N Pa) Real w. <£ )

dy * Hermitian: real ]d ) functions. z/o
expect. values “

Do)
de)

Expectation value of L is zero for all p and d orbitals.

ORBITAL MOMENT IS QUENCHED (by the CF)
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P. Bruno (1989)

What is called magnetocrystalline anisotropy en,erm

It is the energy it takes to rotate the magnetization from an easy to a hard direction.

The energy involved is related to S-O coupling:

AEg = (Hso>hard B <Hso >eaSy = [(L ' S>hard - (L ) S>easy ] >0
Very small for TM, typical values: 1-10 peV/atom in bulk !! (Compare to J ~ 1-10 meV)

W4

Recasted in terms of
mo\gne’cic moment omisotroloies...

A4

ABy = -°

L 4HJB (measy o ml;ard) >0

o

Along the easy-axis, the orbital moment is maximum.

“If L is large, magnetocrystalline anistropy will be large”.

Lecture Il: Magnteic anisotropy
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no av. repuls.

fl
>
— >
K
2
[ad

feP“\S'

1

I\ 1 ‘\

T n . T n

i i

[N ] [N ]

[ ] [ ]

i i

[N ] [N ]

=1 =1 ll:

d moment in an atom

| . : Anisotropy of
) Linked to... (
Anisotropy of L Eﬂ ) <: Nxed 1o :> ( b bonding environment

Exchange interaction: creation of
Ligand fields (symm.+strength): responsible for anisotropic orbital 7,
S-0 coupling effect: partially remove the quenching of L.

)

S-0 coupling: link between m and m,, responsible for “lattice talking to spin”.

ESM 2023 — Madrid — 5t Sept. 2023
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Calculation involves 2" order perturb. theory.
Anisotropy energy is a 2" order effect.
Cubic crystals: go to 4t order.

Kuni ~ EZ/W ’ Kcub ~ £4/W3 :

dyy=15(12-2) - 2,+2)) a ‘
} A !.\'.’_1”.\']—_1'23 A (xpixd
1
% dyz = = (12,-1) —[2,+1)
_ ) 0o _.& 3 ¢
+ %‘ dy:= _F— (12,+1) + |2,—1)] T A Aoty Awel?d)
V2 20, 2V,
1
| g dy2,2=12,0) l 0 3¢
(232
,,b. de = é 12,42 +]2-2) i :
a a A{.‘(.l']t‘(:—.l'] ) B Aixz t’(:—_l: J

Spin-orbit perturbation

Ligand field
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How do we notice magnetic anisotropy?

Magnetization curves, experimental results in BULK material

Medium

M (emu/cm?)
M (emujem?)

1 | ] |
400 600 800

H(O¢)
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» In a (ANTI)FERROMAGNET:

EExch _ _ 7 & . & Invariant with respect Cooling S ez e b
. = can point in
to coord. system below T,

any direction

> But real materials are not like this:

Crystal f|eId effects | (Energy depends on :)
| — . - | —

—

Spontaneous magnetization lies
along preferential
crystallographic directions

the direction of M

SO Coupllng (easy axes) »
» Phenomenological description: ‘ .
thermodynamic (Gibbs free energy) = EM™ = f(M;) + Kunis Keubs Ksurg, .-

function of M
anisotropy constants (J/m3,...)
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Neumann’s Principle: if a crystal is invariant with respect to certain symmetry operations, any of its physical
properties must also be invariant with respect to the same symmetry operations, or otherwise stated, the
symmetry operations of any physical property of a crystal must include the symmetry operations of the point

group of the crystal.
» Symmetry arguments:

C e Time reversal = m — -m = no odd terms
3 P
N
N
N
N
9 o
| bo, bij, bijr1 : anisotropy constant tensors
o
N1 ey =
d Y m™m m
o1 s . Eai= ), D k'Y (6,9)
@/ S CE _____\J// ay + Qo + Q3 = 1 {,even m=—¢
f . . kI Morder anisotropy coefficients
Cop D . a1 = sin 6 cos
irector cosines

* Point and space groups of the crystal lattice:

N — { (o = sinfsin
= {1, a2, a3} reduce the number of terms and constants to be considered.

| a3 = cos b
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Rotational symmetry along c axis — Eani = bo + Kl(oz% -+ a%) + Kz(oz% -+ a§)2 + ...
(hexagonal crystals)

Fan = K1sin® 0 + Kosin*0 + . ..

(no ¢ dependence)

» Usually, only the first order contribution is needed.

> For an easy axis oriented along the direction 1, we can also write:

EUni — _Ku(m : ﬁ)z

A

> For a nanoelement or NP with atomic moments n7; = 1;5; , it is the sum of of single-site terms:

‘ Epni,T = — ZKz(Sz 11;)° ‘

Lecture Il: Magnteic anisotropy Oscar Iglesias ESM 2023 — Madrid — 5t Sept. 2023



Increasing symmetry Lowest order terms: HJEEQ, K : Yzﬂ, Yy == 2 anis. constants
I >

Fani = K, sin® 0 + K/ sin? 0 cos(2¢)

For Trigonal, hexagonal, tetragonal: K,’=0

Higher order terms needed:

> Tetragonal: Eani = Kisin® 6 + (Kasin® 6 + K} sin 6 cos(4¢)) + ...

Increasing symmetry

SJUDLISUOD “Ssiub Jo Jaquinp

> Trigonal:  FEan = K;sin® 6 + (Kysin® 6 4+ K} sin® 6 cos 0 cos(3p)) + . ...

<<

» Hexagonal: Eani = K sin” 0 + (K> sin? 0) + (K3 sin® 0 + K} sin® 0 cos(6yp))
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B=TR'BR
Invariance of {b;} under several symmetry operations given by a matrix R >

» [111] 120° rotation:

0 0 1 a ¢ b
Rizge =11 0 0 > B=1|b a c > 3 independent constants {b,,, b,,, b;,}={a,b,c}
0 1 0 b
» [001] 90° rotation:
0 —1 O a 0 0
Rope =1 0 0 == B=10 a 0 = 1 independent constant b,,= b,,=by;=a
0 0 1 0 0 a
O{%Oz% + a%a% + a%a% ol + a5+ o
> 4 4 4 . 2 2 2 2 2 92
Q] + Qg + Q3 =1—2(aja; + o505 + asa7)
No 2" order terms !!... Possible 4" order terms
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= | Ean = Kot K005 + az05 + aza7) +Ka(a1a303) ..

Symmetry
relations...
15t and 2"? Cubic

anisotropy constants

Alternatively, the 15t term can be expressed in terms of spherical angles as:

Or in terms of spherical harmonics and anisotropy coefficients as:

» Usually, only the first anisotropy constant is relevant, and we can write:

2 2 2 2 2 2
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Room Temp. Fe (bcc) Ni (fcc) Co (hcp) Fe;O, CoFe,O,

K, (J/m3) 472 x10* -5.7x10° 4.53x10°> -1.1x10* 2.0x10°
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K,, K,>0 (Co)

Fan = Kqsin?6 + Kosin* 6
KO :OaKl — _]-7K2 :OaKS =0

Ko=—-1.K =1 Ky=0Ks=0

xF

=l

&N
T

> NINE

Easy axis anisotropy
Easy-axis:
(c axis) [001]

Hard axes:
Basal plane

—0.6

-0.8

-1.0

Easy plane anisotropy
Easy-axes:
Basal plane

Hard axis:
[001]

b4

=8

K,, K,<0 (Co)

[SHE
T

LR E
T

N

=9
N

S NIa
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Fani = K1 sin? 0 + (Kysin® ) + (K3 sin® 0 4+ K} sin® cos(6¢)) K,<0, K,>0
Ko=05K =-1,Ky=+41,K3=0 tr e

N

Easy cone axes
Gweon et al. NPG Asia Materials 12, 23 (2020)
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K,>0 (Fe) Ko=1,K =2,K,=0 K,<0 (Ni) Ko=1,K =-2,K,=0

o
® ® @ ® ®
® [ )
o ® ® o
o
° O O o ® ° °
o o (]
() Easy-axes Easy-axes
<100> ® Ky #0 <111> ® °
[ )
Hard axes Hard axes o o
<111> ¢ <100> @
° (]
o Interm. axes Interm. axes

<110> <110>
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Competing anisotropies: A
P & P ncrystaKb ~

» Uniaxial crystalline
» Shape anisotropy

o Nshapes Ka
Who will win?

Lecture Il: Magnteic anisotropy Oscar Iglesias
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Molecular Single

) NP assemblies Thin films
magnets, clusters Nanoparticles

g2 % ]
N\,

g & o

Scales:  1-10 nm 1-100 nm 10-1000 nm 1pum
Size matters Interactions matter
Shape matters Spatial distribution matters
Surface matters Aggregation matters

— —

New anisotropies come into play...

lll. Shape V. Surface
Anisotropy Anisotropy
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Microscopic origin:
dipolar interactions between all atomic moments

H;, Dipolar field
adds up to external field

S

Macroscopic description:

continuum limit |'

M — {ala 2, O33}

_ Mo 7 T (2 o poV = - - V M2
Faen = =57 J, VM) D) T Baem = Ty MAM T Buaom = — 220 (Moo + Nyad + M)
Hy=-N-M Ellipsoidal NP Ne 00
Demagnetizing field: Uniform M N=|0 N, 0
opposes magn. inside the NP 0 0 N

Demagnetizing tensor (factors)

I__jfint — I__jappl - N - M TrN =1
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M{L A .
Hj
|:{> p  Hih _3(ﬁi'ﬁj)(ﬁj  Tij)
CEE EAE
\ — ) L]
1 L T'ij
(- I I ! I .
"\ NI I Dipole-dipole interaction Dipolar energy
\\\",”ll“\:—// / EM
S - - \\ —”// \ .
o ‘.4 0'=84.70
Dipolar Field N \// AF
\
N
™
71N
/
/ \\ Dipolar induced anisotropy
ﬁ. E*A ,/ v . .
(4 R / l’l’Z u . 9
Hj S I~ ( - i E = —QMOM Magnetizing, FM
0 | = =45 (Mag g, FM)
" ' 4
/4 :> ﬁ@ ] #2
0 .
2 E| =— (Demagnetizing, AF)
E =42k (1 —3cos®0) \ 4rd?
Amrd3 Ij
) J
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oV M?

Sphere Long cylinder \ Thin film -
_ _ _ 1 1 * Shape anis. dominates.
No =Ny =N, 3 N$=Ny=§, N, =0 * Favors in-plane M.
Ho , o
Eaem = ?M Eier, = %Mz sin” 6
Prolate Oblate
\
r=cfa>1 r=c/a<l Shape anisotropy can be taken
N, =N, £ N, N, =Ny # N, as an effective uniaxial contribution
a — C
Ho
Egom = %(Na — N, M? Edem = % (Ne = Na) M
1 r 1 T 1
NC:T2—1 [ rQ—larCOSh(T)_ll No = 2 1—marcco&>(r)
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e e oo
AC field

1000
spheres
800 .:
600 ;:A'ChypertherTia :
®
400 8 .
200
=) @ § o ¢
s 08s°
54 ‘cubes
Et‘ 800
1) |
600
| @
400 %
200 it
® oo
0 ]
0 20 40 60

80

D (nm)

Z. Nemati et al.

J. Phys. Chem. C 122, 2367 (2018)

Shape Matters

Atomistic simulations of magnetite

C. Martinez-Boubeta, O. Iglesias et al.
Sci. Rep. 3, 1652 (2013)

Atomistic simulations of “superspheres”

Gavildn et al. Chem. Soc. Rev. 50, 11614 (2021)
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Macrospin models: dipolar + Aligned easy-axes Shape Matters

SC lattice with increasing heights H Random assemblies with increasing concentration
0.15
=—=a Fllipsoid 5:1
\ A é +— Ellipsoid 1:2
\ © #—= Sphere
\
\\ o 0.1f
\ £ .
\ \ 3 " <
\ —
\ £
\ H, S 0.05}-
\ S
\ 5 e
<
| L | L | L | L |
Hac 0.05 0.1 0.15 0.2 0.25
4 Concentration (®)
Area (no-int)=0.148
SAR can increase or decrease due to > Planar (oblate) geometry: » SAR can be increased by distributing the NP
interactions depending on geometry SAR decreases when dip.inter. inside elongated regions.
of the assembly and NP size. > Elongated (prolate) geometry: > SAR values can be made to approach the non-
SAR increases when dip. inter. interacting case.

li
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> Single domain NP represented by: Macrospin M= M S E=y9(0,¢) — poM-H

» Uniaxial anisotropy: Euni=90) = K,V sin® @

Er = K,Vsin?0 — oM H cos(0 — 1))

Anisotropy field Reduced field

_ _2K, —
HK o quSV h Hyg

er = sin® § — 2h cos(0 — 1)

For v =0 (aligned NP)
» Equilibrium magnetization directions: ‘ : :

855" = 2sinf cosf — 2hsin(f — ) =0

8;985 = 2co0s 20 + 2h cos(0 — ) > 0

h

0

» For y=0 (aligned NP): 2 minima only forh< 1, H < H,

e s e Sien Jien B 3
IR
bl vl vl v
momubo

» For y 20 (non-aligned NP): 2 minima only for h< h(a) 2

LI s
x
<
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r At zero temperature:

- Magnetization points along energy minima.
- Irreversible jump @ the critical field: h=h_(y)

- For y=90°: linear and reversible. M
| - m = 35 = cos(f — )
For y #0 (non-aligned NP): 2 minima only for h< h(y) <1 s
Hysteresis Loops

ep = sin® § — 2h cos(6 — )

< For y=0 (aligned NP): 2 minima only forh < 1, H< H,

\

Critical field h(y)
Yy = 0°
1.0 ——— — 1.0 e

hc 0.5}
19 1% 0.5 70°
\ 45 i
X |
h = ey -
0 45° 00° ' '

1 | 1
Y m— 1.0 0.5 0 0.5 1.0
h

Lecture Il: Magnteic anisotropy Oscar Iglesias ESM 2023 — Madrid — 5t Sept. 2023



Hysteresis Loop for an assembly of randomly oriented NPs
Garcia-Otero et al. IMMM 203, 268 (1999)

Uniaxial anisotropy Cubic anisotropy

o
)]
T

|
o
w

Reduced magnetization, M/M,
o
!

1
-1.5 —1 —0.5 0 0.5 1 1.5
Reduced field, H/H,

he =0.479, M, =0.5 K>0: h.=0.321, M, =0.831
K <0: h.=0.189, M, = 0.866
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Experimental Experimental

1 b p(tIV)= e_t/r
P(t)
142.809 mT .
0.8 teosts ] particle /
0.6 . S m
142.839 mT ¢
T=0.48s
04 142.824 mT Josephson junctions
T=3.5s
0.2 |- \\ nSQUID - 20 nm Co NP
T=05K \\
O " L1 MR 1o Laa
0.1 1 10 t(s)
C. Thirion, IMMM 242-245, 993 (2002) Wernsdorfer et al. JAP 81, 5543 (1997)
M. Jamet, PRL 86, 4676 (2001) ) ) o o
Simulations (limits of validity) D. Schmool, H. Kachkachi
SW Astroid at finite T for one 3 nm Co NP. h et al. SSP 301 (2015)
204
. /././-__4

154 T‘ " Non-SwW

A .
0] | [ r

{Scaling = const. .~ sw =
Jamet et al. JAP 86, op— """ Scaling ()
4676 (2001)

1 M T M 1 M T M T M T M 1 M T
1

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
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/v Dyna/m:s,_\/\,\_\ / Thermal activation ‘\
om

v —y[m X Hegr + am X (m X Heg )]
Landau-Lifschitz eq.
\
> o 1 | 0E |
eff e
ﬂoMS om
Monte Carlo simulation
Numerical integration )
Phenomenological models
Micromagnetic models
M A
M A Switching probability
p(t) = e~ t/T(ET)
= 5 Relaxation time — >
t Ln(t)

\ T ( E, T) Slow relaxation
1s-10°s J

Ultra fast relaxation
K_\, 1 ps-1 ns
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/\_A_’_\A_\ Small particles with V>V, Small particles with V<V,
Energy Barriers

Do not relax during measurement Relax during measurement

AE =KV BLOCKED SUPERPARAMAGNETIC

M
AE(h) = KV (1 — h)?
e s
= _ kBT (1t
KANISOTROPY,D J ) VC(T) K | (TOEJ "

M

Critical volume

|

|

|

: Blocked s

I uperparamagnetic

. M | €— >
: FC

—

_J
-
Relaxation time )
Blocking Temperature

Arrhenius law
~ KV(1—h)?

Ty =
o I (iﬁ)

AE
T(V,T) = 1pe*BT
8
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» Effective anisotropy (spherical NP)

Anisotropy
/Ks — per unit K K ﬂ'd2K3
surface off = Hp + T 43
Anisotropy > K K 6
_ . = + - K
Ky = perunit eff b d S
volume
_ 6 3
Ky =2.7Tx 10" erg/cm
2 nm Co
: | > Keg = 3.3 x 107 erg/cm?
particles
K, =1 erg/cm?
Size dependence of the effective
. . . anisotropy constant in Co NPs,
Effective anisotropy is governed by the line represents the fit to the
the surface contribution expression.
F. Luis, Phys. Rev. B 65, 094409
Lecture Il: Magnteic anisotropy Oscar Iglesias
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_ Component of the spin
& = vector perpendicular to

» Surface anisotropy is a boundary effect

i the surf
Breaking of the cry:stal Crystal Surface \ 1 : e surface ) 1 \
symmetry at the particle § | > .
boundaries field anisotropy

Radial anisotropy:

Néel’s model .’ phys. Radium 15, 225 (1954) modeling

\ Inputs for atomistic

Under what conditions

ENSA =YY Ksi(Si-iy;)
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Equilibrium configurations Change in reversal mechanism

icieasing . 4

Increasing surface disorder due to k;
Responsible for reduction of magnetization

{05

0 Iglesias et al.

PRB 63, 184416 (2001)
Physica B 343, 286 (2004)
JMMM 272-276, 685 (2004)
JMMM 290-291, 728 (2005)

-200 -100 0 100 200
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0 Iglesias et al.

*Hollow NPs, D= 8nm PRB 79, 094419 (2009)
! Nanomaterialls, 6 221 (2016)

* Polycrystalline structure.

Varying the shell thickness Contribution of inner and outer surfaces

0.4F +
30 Inner surface
0.2
Outer surface
N
=S 0
o—o DSh= 1.92 a
-0.2 m—aD, =488a
'04 I A U A SN U S U USRI T U s il S A N N A H A EN RO SOV A ST B MO A
-80 -40 0 40 80
h (K)
Solid to hollow NPs: Surface anisotropy:
from 3D to 2D shell distinguishing in from out
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Many Spin Atomistic W One MacroSpin (OS)

e
{S:} - m
. Simpler? Too simple?
K< > + <{T—=x
K
gEOS — 8uni + gcub
- - H. Kachkachi, D. Garanin et al. R. Yanes, O. Fesenko et al.
H=— Z JijS%' . Sj + Hanis (Kc, KS) PRL 90, 065504 (2003) PRB 40, 2140 (2007)
v PRB 73, 224402 (2006) JPD 42, 055013 (2009)
5] JMMM 316, 248 (2007)
'
3 . . . N . /\—, H
Effective uniaxial anis. by = N!C] K. Usual core anis. (rescaled) EOS model + Dipolar \
) Interactions
_ peff 2
Euni = —hy M ky1~N3eK,/J Duetoshape ooy oo
| P e Surface effects + % % %
P - K2 S—/> s
Effective cubic anis. ko = k— Due to surface . %
1f zJ Interactions?? &)
< ARAAAAA AAAANAANY
Ecub = =k (ms + mi +m3) i \ )
c x y z k. = kN K.K2/J3 C/Smixing
k/\ ———) L mex sTrenTs / H. Kachkachi, O. Iglesias et al.

PRB 88, 104424 (2013)
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R.Yanes Thesis Co spherical NP (sc) K. =0.025)

ElN . E/JN . (d)
’;}}ﬁf'u.-mum f1"‘.‘_ ‘\. Ix —— T !I _7
'H%%E{'ﬁﬂ'}’&%%il - Iﬂ'*ﬁ'fi’-:r—’ F':'*'o;‘.;..-r'jr."l' 26622 f il ""ﬂlﬂﬂfjﬁiﬁ}'ﬁﬁﬁ#}, i
iy s ] 2,604 i
iy RSN A
i g 0 i iyl
o el il LN R
ﬁ?i?“’*’i';r:ﬁ'%{fﬂlrwﬁ? : m:-rmu iiigiy : -2.6640 b ] ! Uﬁfﬂf}r 7 1. . & ‘ 10
i .ﬂ;'l;,“..i‘;' i . 0.0 o 0.5{5\@_
: 0.0
: (Y. 10
K= 2K, K= 200K,

Uniaxial anis. | Cubic anis.

R. Yanes, O. Fesenko et al.
PRB 40, 2140 (2007)
JPD 42, 055013 (2009)

Co octah. NP (fcc) K

cubic

core

K = -50K, K = -100K_

Cubic anis. | ST Competing cubic ars
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FM film on top of AFM A
Microscopic Origin Heb
of Exchange Bias? <
Mechanism 3 3 3 3
of exchange bias 2 = Ty<T<Tg
Hoxt ¢-§t!3 H-
[c] = Cool T< Ty — } >
§L'§§ B [b] l e Close contact e
S 5-F>_>
::’::’::’3“—’\ ,\/33555 FM between
e © 28
Horer ﬁg‘;}}} AFM FM and AFM phases
&
H
o] _Hex
g N Hop= (H*, + H)/2
{{{{ © §F£E‘; AFM phase with higher
gggf__—:/ ::,:‘E;::,:f__: anisotropy than FM He=(H*,—H)/2
I. Schuller, MRS Bulletin, Sept. 2004 Hexc;

Displacement of loop after

Exchange Bias as o
- . . Coercivity increase
Unidirectional anisotropy

0. Iglesias, A. Labarta and X. Batlle
M.-H. Phan, O. Iglesias et al. Nanomaterials 6, 221 (2016) J. Nanoscience and Nanotechnology 8, 2761 (2008)

FC due to coupling of the
FM to the AFM
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W. H. Meiklejohn and C. P. Bean
Phys. Rev. 102, 1413 (1956); 105, 904 (1957)

MJ\

HEB

s e

HCI
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(cyan) / (core) interfacial spins

H/kB - -ZJijgi .gj -ZK (g‘ -ﬁ;)z ) F‘ Zg. COLOR CODE: dark blue = core, green = shell
(i.J) i i

Temperature dependence of
magnetization under cooling field h,. = 4 HFC

1.

=
a4 <de b —<gb> <2
v 1T < <d >
e e —a
=S - - e - e e A

< e e <

el — N g g g g |
I B e B B - - B e - B -
1 B e B e B B B B - - B - [ —
<A e B e e e
B I - e - e B e

<o B o - - - B - B e - B - - =1

e - e -
~ g - <y
<1 e e e B —
T - - e e - e <1

A== - - - e T —<d

B e e e <d

A e e e - - <a
o I e e e e e o — Y
[ s eI [ [ S T [ g
L=>gbe <= <gb<
[Ny

O. Iglesias et al., PRB 72, 212401 (2005)

After FC from high temperature T > T:
» Core with FM order

» Shell with AF order
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AF Interface Coupling
L =-05J,
R. Evans et al. PRB 84, 092404 (2011)

I

Roughness of the interface

O. Iglesias et al., PRB 72, 212401 (2005)

=-0.5

-0.5, J,.,

Non-uniform core reversal

ESM 2023 — Madrid — 5t Sept. 2023

Oscar Iglesias
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_Magnetostriction

Demagnetized Apply Change in %‘ coefficient
sample, V=V, Magnetic field dimensions: strain 10°5-10°%
. ot
_____ & — > A = 7
M —_— 0 | ,
— M
— — 0 H e
¢

ST — 5crys + 5elast + gmagel

Magnetoelastic energy

. Apply stress = Magnetostriction .
Magnetized ( Induced strain & ~ g —§(As)a(cosz 9 1) J: angle bw. M
material - - 1 2 3 and stress
3 Similar to Depends on
= e = = (Ao sin® 0 = K,y 5in° 6 uniaxial combined sign
2 anisotropy of (A -0)
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Conclusions

MAGNETIC ANISOTROPIES COME INTO MANY FLAVOURS !!
1. Macroscopic description of anisotropy dictated by symmetries and values (signs) of anis. constants.
2. At the nanoscale, anisotropy terms of different origin compete with each other.
3. Anisotropy influences energy barriers, reversal modes, hysteresis loops, time dynamics...

4. In general, simulation methods implementing atomistic description needed. Theoretical models can be

set up to simply the description of NP assemblies, going beyond mascrospin models.

More info at: http://www.ffn.ub.es/oscar http://nanomagn.blogspot.com

PID2021-127397NB-100 , PID2019-109514RJ-100 , PGC2018-097789-B-100 2017SGR598
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