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Nano-magnetism everywhere
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Magnetotactic bacteria synthesize
magnetic particles between 30 and
100 nm, big enough to have a
permanent magnetic moment, but
small enough to be a single domain.
[images by R. James, University of
Western Australia; see also R.
Blakemore. "Magnetotactic Bacteria."
Science 190, 377 (1975)].

Magnetoreception and its trigeminal
mediation in the homing pigeon
Cordula V. Mora'*, Michael Davison®, J. Martin Wild®
& Michael M. Walker'

Nature 432, 508 (2004)
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High density magnetic recording: the rush to the nano “PFL
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For large scale storage, SSDs are four to five times more expensive per gigabyte than HDDs
HDDs are more reliable for long-term data recovery



The recording mechanism in an HDD: a condensate of concepts
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The storage media “P-L

TEM images of CoCrPt recording layer with Conventional Media vs. Patterned Media HITACHI

Inspire the Next

in-plane magnetization.

Conventional
Multigrain Media

Patterned Magnetic Media
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The inset sketches two bits. Each bit consist of
several tens of grains. The bit size and shape is
defined during the head writing process

The future:
single particle
1 bit = 50 grains per bit

Moser, et al. J. Phys. D: Appl. Phys. 35, R157 (2002). T. R. Albrecht, et al. IEEE Trans. Magn. 51, 0800342 (2015). 6



Some basic questions looking at this picture “P-L

1)
2)
3)
4)
5)

6)
7)

Why every grain has a magnetic moment?

How is the material chosen?

Why is every grain magnetically decoupled from the
neighbors?

Why is the grain magnetization pointing in one specific
direction?

Why does the magnetization direction change from grain
to grain?

Why does the grain magnetization not fluctuate in time?



Origin of the magnetic moment (or magnetization)

* Observation: at ambient conditions only a few elements (Fe, Co, and Ni) have a magnetic moment
* Is this true also at the nanoscale?

* Doesthis mean that only these 3 elements can be used in a recording media?

 SmCo is the strongest magnet at ambient conditions: why we need Sm, if Sm is not a magnet?

Group— 1 2 3 4 3 &) 7 8 8 10 11 12 13 14 15 16 17 18
| Period

1 2
1 H He
5 3 4 3 ] 7 8 9 10
Li Be B C M 4] F Me
3 11 12 13 14 15 16 17 18
Ma || Mg Al 5i P 5 Cl Ar

.- 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 A 2 N

r] 4s-3d

3d transition metals 4 W c3 | sc || 7 || v || cr || mnll Fe || co|| ni flcu|l zn |l ca |l e || as || se || &r || & [Ar]

5 37 38 39 40 41 42 43 44 45 46 47 48 49 20 =1 22 23 24
Rb || Sr Y Zr || Nb || Mo || Tc || Ru || Rh || Pd || Ag |[ Cd || In || Sn || Sb || Te I e
6 33 13 72 73 74 73 76 77 7B 79 B0 Bl B2 B3 B4 B3 =1
Cs || Ba HE || Ta || W Re || Os Ir Pt || Au || Hg || T Pb || Bi Po || At || Rn
Z 87 B8 104 || 105 || 106 || 107 || 108 || 109 || 110|111 || 112|113 | 114 | 115|116 117|118
Fr || Ra Rf || Db || Sg || Bh || Hs || Mt || Ds || Rg || Cn || Uut || Uug || Uup || Uuh || Uus || Uuo
: a7 S8 59 80 61 B2 63 54 55 65 67 68 59 70 71

N 2

Rare earths or Lanthanides la || ce || Pr| nd | Pm| sm| Eull Gd| To || Dy || Hol| Er || Tm || vb || Lu [Xe] 4f" bs
Actinides 29 80 91 892 93 84 85 95 g7 o8 89 || 100|101 || 102|| 103
Ac || Th || Pa |l U || Np || Pul||lAm || Cm || Bk || Cf || Es || Fm || Md || No || Lr
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Many-electron atom “PFL

All the electrons interact with one another, analytical solution not possible
Orbital approximation, single electron Hamiltonian = electron configuration (#», /)
Pauli exclusion principle - max two electrons per orbital

Hy from hydrogenic Hamiltonian, putting Z electrons

Additional terms:

V.. Coulomb interaction that describes the repulsion between electrons

V.o spin-orbit coupling, orbital and spin angular momentum are not independent
/70.c Zeeman interaction if a magnetic field is applied

Z 2 Z 2 Z
Pi e HB
Hatom = ) (ot eV () + ) ——+ ) &u(r) i+ i + =2 (L+25) - B = Ho + Ve + Vao + Viee
=1 Zme |rl' o T)| =1 h

i<j \
- Z Veo=AL-S A=+
s=zsi Lzzli S0 —2S
& =

l l



Interactions: orders of magnitude

Z
}[atom = §
i=1

2
bi HB
G —+evi) + E Tt E (Li - 1) () + == (L +28) - B = Heour + Vee + Voo + Vzee
e

l<]

interaction term 3d transition 4f rare earths
metals

Vee 1eV 1leV
Vso 50 - 100 meV 300 - 500 meV
Vsee (B =1T) 0.1-0.2 meV 0.1-0.6 meV

=PrL
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Angular momentum “P-L

L and S are coupled
No external B field: the total J is conserved in

magnitude and direction, L and $ precess around the
the direction of the resultant J
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From angular momentum to magnetic moment “PEL

Exercise 10.1
g-factors for orbital and

= + : :
H H T HBs spin magnetic moments
(similar to classical
gyromagnetic ratio)

Total magnetic moment operator Up
p=—-=-(g.L+gs5) g=1 gs=2

With spin-orbit coupling, $ and L don’t correspond to good quantum numbers anymore, but J does.
In the presence of a magnetic field, the component of the magnetic moment parallel to J is conserved, but the

component perpendicular to J is not.

We can write the operator total magnetic moment operator as
gy isthe Lande g-factor

p= _ﬁg J _ E n S(S+1)—L(L+1) it describes the projection of L 4+ 28 onto J
h Y 91773 2J(J + 1)
up ==L = 0.058 mevT-t Bohr
2me magneton

In the limit of a weak magnetic fied B, defining the quantization axis z, the magnetic moment along z is

1

Hy = 5 (L ST M| (uy + pts) - B|L S ] My)

frequently indicated

= —ER(LSTMj|L, + 2S,|LSJ M) = =L g (LS M| JILS] M) = —pg g;M; [ SMPlV @S
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Magnetic moment of free atoms in field “P=L

Hund's rules to find the ground state:

1) Total spin § = }}; s; maximized (= S = Mg max)
— <€==) Coulomb repulsion V,,

2) Total orbital momentum L = };;I; maximized (= L = M; max) |
3) Total angular momentum J =L+ §

L and S parallel (J = L + S ) if subshell more than half filled

L and § antiparallel (/] = |L — S| ) if subshell less than half filled

€@==) Spin-orbit interaction Vg,

Ti: [Ar] 3d? 4s2 Fe: [Ar] 3d® 4s2
Only the 3d subshell is partially occupied Only the 3d subshell is partially occupied
my +2 +1 0 —1 —2 my +2 +1 0 —1 —2
mg T T mg T T T T T
M¢g=1->S5=1 Mg=2->85=2
M, =3->L=3 My =2->L=2
subshell less than half-filled > ] =L -5 =2 subshell more than half-filled > J =L+ S5 =4

2 4 3
Mz =—gjMy up=— 24 = —3 Up Bz =—gMyupg =— 24 ugp = —6up
13



Zeeman interaction “P=L

Atom described by quantum numbers |LS] M;) with

M; assuming 2] + 1 values between - J and +J Example: atom with ] = 1/2

two energy levels: +g; ug M; B
At B = 0Tthe 2/ + 1 values are degenerate in energy

At B # 0Tthe 2] + 1 states split: Zeeman splitting

Hzee = gyupJ-B/h lex) = |M; = +1/2)

v

E(M;) = g;upM; B

|g7) |M] = _1/2>

14



Magnetism of an isolated atom at finite temperature “PFL

Boltzmann factor: expresses the relative probability that a
exp| —Ey,/kgT) = exp(—M B /[ kgT
quantum state of energy E to be occupied at temperature T p( Mf/ B ) p( 195k B/ kp )

The net magnetic moment is given by the contribution of all occupied states: in this cas with only two states of opposite

magnetization we have:

e* e * M; g,ugB
uB,T) =pu' —u, =M g].UB(ex % ox i e‘x) = |M;| g; ug tanh(x) X = kT
ugB 1
u(B,T) = ug tanh(k = with |M;| = 5 and g, = 2
B
tanh (X)m
v _
osf T=0orB=w 100% 0%
B=0orT=w 0 50% 50%
B=0.55ksT/u; 0.5 75% 25%




Isolated atoms vs. bulk

Bulk (at room T): only a few elements (Fe, Co, and Ni) have a magnetic moment
Atoms: all atoms except noble gas have a magnetic moment

Group— 1 i 3 4 3 5] 7 8 g 10 11 12 13 14 15 16 17
| Period

Lanthanides

Actinides

103

=PrL
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Stern-Gerlach experiment (1922)

Beam of Ag atoms through a non-uniform magnetic field

Ag: [Kr] 4d10 55! o) L=0;S=1/2, Mg = M; = +1/2

Ag atoms deviate depending on their spin moment

=PrL
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Stern-Gerlach experiment with clusters

3+
Cordis Agh x a b
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Below about 200 atoms per cluster, the magnetic moment
strongly increases with respect to bulk values and tends to
the gas-phase atom value

[.M.L. Billas, A. Chatelain, W.A. de Heer, Science 265, 1682 (1994)

Magnetic moment per atom ( pg)
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Quenching of orbital moment

Suppression of the orbital contribution to the magnetic moment
Origin:
» crystal field and covalent bonds (main effect in semiconductors, insulators, oxides)

» electron delocalization and band formation (in metals)

This effect reduces the orbital angular momentum so that it does not contribute to the overall magnetism,
which is then dominated by the spin magnetic moment.

cPrL
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Quenching of orbital moment due to bond formation “PFL

Orbital d-shell moment in an atom

H, z
i l f the orbital moment L arises from the
electron precession (Y/™)
L,=-1,-2 L,=+1, +2
, , , bond formation stops the precession
Orbital d-shell moment in a thin layer
In-plane orbits are quenched, Qut-of-plane orbits
d-orbitals are formed are less perturbed
y -
N =
® 1__9‘ ® ,,-@ p e O O a strong directional bonding
;)O: ,63 (- generates a reduction in the
& | @ S S O O componﬁntbofLdpée.:rper\dlcular

The central atom binds to four atoms in a plane.

a) The d electron will form a standing wave with a spatial shape depending on the distribution of the electronic charge on the neighbouring
atoms (i.e. orbital motion frozen by the formation of bonds with the neighbouring atoms) — out-of-plane orbital moment is quenched

b) The orbital motion perpendicular to the bonding plane is less perturbed by the bonds — in-plane orbital moment will stay unquenched

symmetry breaking implies reduced and anisotropic orbital moment

20
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" »°® Py o » o Py s P o ° o ° ° o
o © p -0 " S ° \or ° y
core electrons conduction electrons
similar to free atom case, full shells delocalized, “sea” of electrons

The delocalization significantly alters the electronic wave functions, and there are no more
“circular” orbits = the orbital magnetic moment is strongly suppressed.

Electrons in d bands are intermediate (delocalized but not as much as s or p electrons)

=PrL
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=PrL

Spin: free atom vs. bulk

Atom Bulk
d states s states
3 3 /
L bce-Fe maj.
s | Er
£ r
k= it § T
B=0T B+£0T &0 i
'y A & dl
Ela spin up Ela spin up £ +7—\
® spin down ® spin down i AT N |
3 sl e L d g cJEAEEEAEN RN EG LR i
23 : 3
— ] i * ——— ] e, - 0 L fce-Ni L fce-Cu
_ 5 | n(E) Ex
2 L
= dt
@ |
0
) i : sT
i E TSR b ey
The orbitals are degenerate. Only when 3 T : E
the quantization axis is defined (for i ' - :
example by an external magnetic field) we 3 g S 3T bl il non-magnetic
measure the spin defined by Hund’s rules E_E. (eV)

Due to electron-electron interaction, spontaneous magnetization
can appear even in absence of an external magnetic field.



The total electron energy of N electrons is given by the sum of the energies of all occupied states

n(E) | B ! e
s dT\ n(E) : density of states
sT s sT -
si o st E Coulomb interaction: V¢ Ny Ngy
dl 11 di/
11
! | , AT
i magnetlc State magnetic State Each band shifts by A/2 in opposite directions;
Nup =N/2 Nup =N/2+ TL(EF)A/Z Ny (Ngyw) increases (decreases) by dN = n(Eg) A/2.
Ndw — N/Z Ndw _ N/Z _ n(EF)A/Z Gain (loss) in energyis=dN A/2

. . A A A A A2
Kinetic energy variation = E(dNup — dNgy) = Py [n(Er) i (—n(EF) E)] = 7n(EF)

2 2 2 2
Coulomb (e-e) interaction variation =V, lNT + n(EF)é % — n(EF)é % — A:nz(Ep)] — VeeNT = —Vee%nz(EF)

2 2 2
Total electron energy variation dE = A7n(EF) — Vee%nz(EF) = A711(EF)(1 —%n(EF))

V, o
If dE < 0 spontaneous magnetism appears: 1 — %n(EF) <0 (Stoner criterion)

_ It depends on V,, and n(Er) (both are material dependent)
St&Sie06; S. Blugel Phys. Rev. Lett. 68, 851 (1992)

Stoner model for spontaneous magnetization: exchange splitting “PFL
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Spin: transition metals

d states

o

-

b

Density of states(eV “atom ™ spin "1)
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H
(I N A M AR

T

3

3 11:11-1113111111 3 uuLiqurH;‘x
-10 -5 0 5 -10 -5 0 5
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1.t
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-
bt g

-10
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0

| 4
5
E-E,

-10

(eV)

-5

S states
/

=P

s, p bands are extended (band width about 10 eV) - contribution of
about 5% to the spin moment

d bands are narrow (band width about 3 eV) = their splitting strongly
affects the magnetism

Redistribution of electrons in the different bands:
spin is smaller than in the gas phase case

L

Mgty mg(l) 1D (D) n4s(1) ha(D) (D) (k)
Cr 6 2.7 2.7 0.3 0.3 2.3 2.3 0
Mn 7 3.2 3.2 0.3 0.3 1.8 1.8 0
Fe 8 4.8 2.6 0.3 0.3 0.2 2.4 2.2
Co 9 5.0 3.3 0.35 0.35 0.0 1.7 1.7
Ni 10 5.0 4.4 0.3 0.3 0.0 0.6 0.6
Cu 11 5.0 5.0 0.3 0.3 0.0 0.0 0

Filling of the | and 1 bands for 3d elements (n: electrons, /. holes)

J. Stohr and R. Nakajima, IBM J. Res. Develop. 42, 1998; O. Eriksson et al., Phys. Rev. B 42, 2707 (1990).



Example: Co on Pt(111) “P-L

Size dependence Hybridization effect
8 T T T T T T T T T T T T T T T T T 1 1.5 vt
- . —a40L Coon Pt _ — —— clean Pt surface
> - Z10fF P
= 0 (Pt lattice) N @ :
.:-"' E 1 E 1
@ §20 - Co £ os !
@ o, -
& ¢ : monolayer 0
—_ E 00 E 0.0
i G - o
[l ] ]
O et
£ S 50 isolated Co u % 0.5
2 e === Coon Pt ] o |
O ) _ . n -
: : : S i
% = 40 L B == Pt pelow Go
Q | | _ = 1_5 | 1 | 1 | 1 | 1 | 1
E 4 — 1 atom 'IE ] :3 1 .::1- 1 IE ] II:I 1 p 8 I 4 2 0 5
g |~~~ Zatoms . =R - energy above Ez  [2V]
-—- 7 atoms (center) energy above Ex  [eV]
E‘i — —
=reee 7 atoms (edge)
- == hulk (Pt lattice) il .
=% E R R T The Co DOS becomes broader Asymmetry in the Pt DOS at
-4 -3 -2 -1 Q 1 T .
energy above Ex  [eV] due to -hybrld_lzatlon (bond !EF when covered_ by Co -
formation) with the Pt substrate induced magnetic moment

Increasing the cluster size (i.e. bond
number), the DOS becomes broader

O. Sipr et al. J. Phys.: Condens. Matter. 19, 096203 (2007) 75



Magnetization in a multi-element cluster “P-L

Pt covered by a Co monolayer

1.5 | I | I | I | I | I

=k
=

o
e

o
e

=k
=

d DOS at Ptspheres [states eV ]
=
[ ]

-
on

8 -6 -4 -2 0 2
energy above Ex  [eV]

In a cluster the Pt DOS is narrower and due to hybridization with Co
can develop a non negligible magnetic moment
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Rare earth magnetism

=PrL

Electronic configuration in atomic case: [Xe] 4f N 6s2
(exception for Gd: [Xe] 4f 7 5d! 652 )

Radius r (units of a,)

Radial distribution of the different orbitals

4f states are strongly localized at the core -

— = 4F
[Xe] 4N 652 — ss sl Gd metal the 4f electrons do not participate to bonds
——=. B8 —
El @ af L unquenched
- » 0.8}
5 g | Magnetic moment defined by the 4f states
- <04 6s | (Hund’s rules hold)
o s Q )
o L=
- 7 i p
T ol AT e -
e T ’ et Lo %% The difference between atomic and bulk case is
3.0 5.0 7.0

the electronic configuration.
In bulk, rare earths have the configuration
[Xe] 4fN-1 5d1 6s2 with the 3 electrons in the
outer shells that can participate to bonds

27
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