Spintronics: Basics and Applications

Lecture 2

From atom to bulk magnetism

=P



Energy spectrum of an isolated 3d atom “P-L

z 2 Z 5 z
p; e
Hytom = Z ( l + eV(ri)) + Z + Z(li ’ Si) S;nl(ri) + Up (L + 25) "B =H¢c+ Voo + Voo + Vzeerman
L. “2me L |ry—7i|
=1 <j =1
1S interaction term | 3d transition metals 4f rare earths
507 g '
Jsinglet . T 0.8eV V,, 50-100 meV 300-500 meV
GC) :’:: E— 'Ol EV 7 )
T Bt e
Vee = z |r- — r-l
Ni -> 3d8 i<j 't J
S=1 =R " — 3F4 3F2 $
T_r|p|et .... —F; I “oomey 3k, Vso = Z(li -851)§(11)
'18 eV ....................... 3F4 =1
Vzee = (L + 2S) - B
Hund’s rules mm)p max. S max. L min. J max. J
(band less than half filled) (band more than half filled)

Spectroscopic notation of multiplets terms: 2*1X, with X=S, P, D, F, G, H, |, ... for L=0, 1, 2, 3,4, 5, 6, ... 2



The spintronics “goose game” “P-L
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Stern-Gerlach experiment “P=L

Beam of Ag atoms through a non-uniform magnetic field: the atoms deviate depending on their spin moment

Ag: [Kr] 4d0 55! mmmp | =0; S =1/2,S,=J, = +1/2

Same experiment with an Ag cluster would produce a single spot !!!



Stern-Gerlach experiment with 3d metals clusters “P-L
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Magnetic moment in solids “P=L

The Magnetic Periodic Table

Eight elements are ferromagnetic, four at RT

Twelve are antiferromagntic, one at RT

5B 18C 7N )
Atomic symbol 1081 | 1201 | 1401 | 1600 | 19.00 | 20.18
Atomic weight
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Typical ionic charge
Antiferromagnetic Ty(K)
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Magnetic atom
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J.M.D. Coey, Magnetism and magnetic materials (Cambridge Univ. Press)

- Bulk (at room T): only a few elements (Fe, Co, and Ni) have a magnetic moment
- Atomic scale: all atoms except noble gas have a magnetic moment (due to unfilled electronic shells) 6



Atom vs bulk “P=L

bulk
1) Crystal field (CF) : bond formation =) 2) Electronic band formation
- Broken orbital degeneracy
_ Orbltals.(real V\{ave function) £+t m 40
- Quenching orbital moment: L = 0
CE =0 [ spindown
B B spinu
(the 3d orbitals are d,=aY,t+bY,1 d,=aY,2-bY, PP
degenerate)
D4h
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%
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dx21 dyz1 dx2—y2' dxy’ d322—r2 — e 10Dq
e %
L
byg
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Magnetism in materials: localized vs delocalized spins “P-L

LOCALIZED MAGNETISM DELOCALIZED MAGNETISM

Integral number of 3d or 4f electrons Nonintegral number of unpaired spins
on the ion core; Integral number of unpaired spins; per atom.

Discreet energy levels. Spin-polarized energy bands
with strong correlations.
Niz* 3d® m=2p, - 3d° Ni 3d%44s9¢ m=0.6 pg

E

Ex:  NiO — 3d° Ex: Ni, Co, Fe

T
CoO ﬂ/r\ : f (metallic)
Fe,O, _ NSV

Y= exp(-r/a,) r ) ~ exp(-iK.r)
Boltzmann statistics Fermi-Dirac statistics
4f metals localized electrons
4f compounds localized electrons
3d compounds localized/delocalized electrons
3d metals delocalized electrons.

Above the Curie temperature, neither localized nor delocalized moments disappear, they just
become disordered in a paramagnetic state when T > T..

Ref: .M.D. Coey, Magnetism and magnetic materials (Cambridge).



m Local coordination: crystal (ligand) field “PEL

See exercise: 2.1

In the crystal (ligand) field theory the effect of the H=Hg.ee atom + CF
surrounding atoms is described by an effective potential CF =
=-e V(r
(localized electrons) ( ) For example for an 6
octahedral crystal field: V(r) = z ez
=1
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S
e,
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©a o - € :
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dxz’ dyz’ 9 e dxy
d dy,, da,2.2 e 9 S S
x2-y2s Uyyr U372y e : tzg _— L t
————— : dxz dyz Ei\ : ‘\"_xn P Zg
Dag XS

Qualitative arguments: the central atom orbitals pointing toward the ligand positions are higher in energy (due to Coulomb repulsion) than those

orbitals avoiding the ligand positions:
- t, Orbitals point towards the centres of the cube faces while the e, orbitals point towards the centres of the cube edges.

- In T, symmetry the latter points are closer to the ligands by a factor v2 St&Sie06 9



Crystal field splitting: parametrization

=Pr-L

E(eV) 4
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increasing stretch along - >
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or compressed O,
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The parameters D, D; and D, are used to describe the splitting of the d-orbitals induced by the crystal field

independently on the symmetry

10



Crystal field vs Coulomb interaction (V,,) “P=L

See exercise: 2.2

Spin states of Fe in octahedral field

3| V,.>10D, V,.<10D,
Q E.
L
Fea* ) Fe*(d e’ (d”) Fez+
*v* = ~
High spin Low spin

It is not anymore true that the spin S is maximized (failure of Hund’s rules):
competition between e-e interaction and CF

St&Sie06 11



Quenching of the orbital moment due to bond formation “P-L

Orbital d-shell moment in an atom

St&Sie06 H, z the orbital moment arises from the
Ci} i electron precession (/)
-> bond formation stops the
L,=-1,-2 L,=+1, +2 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 A strong directional bonding
@ o o e o generates a reduction in the
: te‘ component of L perpendicular
" to the bond direction
S O O
dﬂr ~|L=-2>-|L=2> d,z_y:» ~|L=-2>+|L=2>

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 12



Quenching of the orbital moment by coordination “P-L

. . Y o A r2 o
Wave function of an electron in one of the

%(Yz L9 —Ya.9)
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Easy argument frequently used to justify the quenching
of the orbital moment in bulk but it is incorrect
(in fact (d,,|L|d,,) # 0)

(dnleldn> =0 L=0

Similar for Ly

Matrix element in unit of It simply implies that L, is not an observable since

L.d.. = —iday Lyd.. = t1d,2 2 L.d.. = tdy. the two states with =L, are degenerate and then
—iV3dg,2_,2 the mean L, valueis L=0
Lady- = iv3dg,2_,2|Lydy: = tdxy L.dy: = —idy:
tidy2_ 2

Lzdzy = idg: Lydzy = —tdy: L.d.y = —i2d,2_,»2
LIdi?_yz = —idy Lydmz_f = —id. Lgdmz_f = 12dzy [Fig00]; Sugano, Tanabe, Kamimura: Multiplets of transition-metal ions in
L.dy> ,» = —iv3d,, |Lydyo ,» =iv3d,. L.dy2 ,» =10 crystals (Academic Press 1970) p.155-156 13




L,vs L2
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It simply implies that L, is not an observable since the two states with +L, are degenerate: --

— the mean L, value is L= 0 but {(d,|L3|d,) # O

2

(dnleldn> =0

o b O O O
S o O O O

(dnlLlldy) # 0

14



Evaluation of the orbital moment “PEL

Orbital angular moment about an axis is associated to transformation by rotation of pairs of orbitals. This holds only if:

a) the two states of the pair are degenerate

b) the pair orbitals can be transformed one in the other by a rotation (matrix element # 0)

c) the second orbital must not contain an electron with the same spin as that in the first orbital (Pauli exclusion principle)

Matrix element in unit of 2

(dxy| Lz|dx2—y2> = —2i rotation by n/4 about the z Lide. = —iday Lyde: = idy2_p L.de: = idye
axis transforming d,,.,, in d,, —iV3da2 o
Laody. = iV3da,2_,2|Lyd,- = iday L.d,. = —id,.
(dyzlelde> =i rotation by n/2 about the z tidye_yo
axis transforming d,, in d,, L.d., _ id,. Lyda, — id,. L.ds, = —i2d,2_,
Lod,>_po = —idy. Lyd,> o = —idy. L.d,_po = i2d,,
(dnl Lzl d322—r2> =0 d,2_,2 cannot be transformed in any Lodas 2 = —iv3dy. |Lydas 2 = iv3ds. Lodys 2 =0

other orbital by a rotation about the z
axis, thus no contribution to L,

In a simple approximation we can use | (di|Lx(y,Z)|dj) | to evaluate the norm of the orbital angular
momentum associated to the transformation by rotation of pairs of orbitals induced by the operators Ly, »

[Fig00], p. 12-13, 241-243 15



Quenching of the orbital moment by coordination “P-L

Orbital angular moment about an axis is associated to transformation by rotation of pairs of orbitals. This holds only if:

a) the two states of the pair are degenerate
b) there must not be an electron in the second orbital with the same spin as that in the first orbital

Octahedral Tetragonal

Ex: 3d*in octahedral or tetragonal symmetry has L = O:

> de

- the d,, , and d, are split and hence do not contribute —$— )%‘ d32 2
to the orbital moment (as a consequence of point a)
'—$— %— =

- the d, and d,, are degenerate but can not be t, ﬁ
S #%% xz yz

transformed by rotation (as a consequence of point b)

St&Sie06 16



Ex: Co monolayer on Cu(100) “P=L

Co is a transition metal with electronic configuration given by [Ar] 4s2 3d” Top view
Assuming no charge transfer between Co and Cu, the d-orbital splitting y
due to the crystal field and occupation are:

Spin occupation .

X
_ L
B l f"r.'l'_l'_ 1\.’5 (|2_2:' - |2:+2 })¢ @a
.ﬁ» dy:= %uz,—l} —[2,+1) The Co d-orbitals pointing to another atom are higher in energy with respect to
_ % — —E(|2_+1} D) orbitals pointing to an empty space. Then, starting from the higher in energy:
+ o2 ’ 2V, 2V, - dy is pointing directly against nearest Co neighbors and is the
g dr2,2=(2.0) | highest in energy
B - dy,; dy, are pointing in between two Cu atoms on the surface
| - d3,2_,2 is pointing in between 4 Cu atoms
B Jb dey=175(242) + |2=—23‘)I p - d,2_,2 is flat on top of the Cu surface and it is not pointing against Co

atoms (lowest in energy)

Ligand field

J. Stohr IMMM 200, 470 (1999) 17



Ex: Co monolayer on Cu(100) =P

Co is a transition metal with electronic configuration given by [Ar] 4s2 3d7 Top view

Assuming no charge transfer between Co and Cu, the d-orbital splitting y
due to the crystal field and occupation are:

Spin occupation .

X
_ L
g dy=75 (122 - 12:+2)) v @a
{Q» dee=E(2,-1) —[2.4D)
+ % fﬂl-:=§(|2=+1>+|2,—1h] RS
) 1L L = 0 because:
L ’%)_ d3:2,2=12,0) M - ds,2_,2 gives no contribution to L
- dyy and d,z2_,2 can not transform one in the other because
de = i_ (2.42) +2.-2) not degenerate
—;Jf} 12 b - dyz and d,, can not transform one in the other because

they have the same spin

Ligand field

J. Stohr IMMM 200, 470 (1999)



Co(Fe) /MgO interfaces are the base of spintronics

MTJ] stack structures for different devices

HDD read-head

TMR sensor

STT-MRAM

Substrate 6” or 8” AITIC wafer 6” or 8” Si wafer 8” or 12” Si wafer
MTJ magnetization In-plane MTJ In-plane MTJ Perpendicular MTJ
TE
3 TE
TE
NiFe
_ NiFe - FL
stack structure CoFeB
"ESE, |
] CoFeB
3 F »RL MTJ]+
CoFe J CoFeB € RL
Ru
FL: Free Layer CoFe € PL CoFe €« PL
RL Reference Laver
PL: Pinned Layer IrMn AF IrMn AF
‘r? me-_-l Barrier Seed layer Seed layer
AF: Anti-Ferro Magnetic Layer
TE: Top Electrode BE BE

BE: Bottom Electrode

https://www.forbes.com/sites/tomcoughlin/2024/08/20/the-2024-ieee-tmrc-reveals-the-future-of-mram-and-hamr/

=Pr-L

19
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Large orbital moment for Co,/Mg0O(100)

cPrL

free Co atom

E(eV)1

>

VIFRURERE RS
@

Ly(Ly,)=0

(d‘nleld3zz—r2> = O
(dyz|Lx|dx2—y2) =0

(de|Lx|dxy) =0

Coon MgO
-~
.8 H +0.000

+ - é =0 m+0.004
= + * @ L=1"@+2.000
ny-’H,- 71"" Q‘DLZ=2 MgO ==
L,=3
S,=3/2

See exercise: 2.3

- Co atom on MgO adsorbs on top of oxygen

- strong uniaxial bond preserves atomic values of L and S.
From XMCD: L,=2.9;S,=3/2

- The uniaxial bond generates a strong out-of-plane anisotropy

1)

2)
Lod.- = —ida,

_ Lody. = iv3dg,2_,2
+id,2_ 2

Lod., = id,.
L.d,> p = —idy.
Lody,2 2 = _"'.'\/gdyz

Lyd..

Lydy.

Lyday

=id_ 2
—1 \/§d3z2_,.2

= iday

— —idy.

Lyd,2 o = —id..

Yy

LydgzZ_TQ =1 \/gd:z:z

de:rz =

idy

—1 d::z

= —i2d,2_,2
=12d,,

Matrix elements are zero because dy,, and
d,2_,2 are not degenerate with d,,; and d,

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

The orbital moment is not always quenched by CF
Strong anisotropy of the orbital moment

L,

) | (d,|Lldse 2)] =0
|<dXY|LZ|dx2—y2> | =2
|(dyZ|LZ|de) | =1

Matrix elements are non zero because
dyy and d,z2_,2 are degenerate as well

as d,, and dy,
20



m SOC partially restores orbital moment “PEL

Coordination frequently induces quenching of the orbital moment

However: Hy, mixes the ¢, states and partially restores the orbital moment (L = 0)

In first approximation the wave function of a d electron becomes: Wy = ¢;f + X, an 0 + Xy bpp®p

Wave function of an electron in a 3d (X HgoldT) (dY|L - S\d})
orbital (i,p =1...5): ¢ = R3,4d,,0 Ini = E,—E E,—E;
2
di0-> |

i TR +,— +,— E: |<dnU|Lo¢|
Orbital moment along direction a (= x,y,z) for the stated, Lgp = (‘Pn’ |La|‘Pn’ ) ~ ( I _E
- n {

l

(LpglLallpg) = (d)g + Zi an,iqb? |La|¢g + Zi an,iqb?) ~ (¢g|La| Zi an,id)iU)

Lede: = —iday Lyde: = idy2_p L.de. = idy.
Total orbital moment along direction o —iVBdas

L_rd = = 3 Sd zd L d = - dm L;:d = - _'-d_r;:

occ occ |<d O'lL |d0‘) |2 y L‘v’/_ 322 52 yty Ly Y '

Lo = ) (Wi |Le|Wy™) = T F e
a — n altn ~ ( . ) )
: E, — E; Ledsy — = idas Lydsy = —idy: Lidey = —i2dy2_

n n l
Loy = —id,. Ly, o = —id,. L.dy»_p = i2d,,
L.rde,;:z—v‘z = —1 V’Edy:: Lyd?.::z—?'z = Evﬁdm;— Lz’:d?.;:z—?‘Q =0

21



Ex: Co monolayer on Cu(100) CPEL

N
Co is a transition metal with electronic configuration given by Top view
[Ar] 4s2 3d’
Assuming no charge transfer between Co and Cu, the level y

splitting due to the crystal field and occupation are:

S|z S| xory @ @

(Ly) (Ly)
[
Ly=—=(12,-2) — [2,+2))
oy TREIE ; @3@
A {anix 3—_1'33 A (xpixz

e == (2-1) —[2.4D)

= % — = 0 I SR S Spin-orbit partially restores the orbital
fr'-': = . 2 — :J (xpxz (%3322 (x3x D)
+ dyz " (12,41} +]2,—1) jil NS Awica At A waes? momentum destroyed by the CF
| ff]._-z_r:: Z.U} I W ¢ [} - 3§
g (xA3z2 ) |<dxyO'|LZ|diO'> |2 B |<dxy +|Lz|dx2_y2 +> |2
, Ex. ny (Z Exy—E; =d Exy—Ey2_y2
fﬂf—'— == (|2+2> T |2 —2})
- 2" ’ 4 4¢
B "b. ) _A.tx_1']|',r3—_1'3] _A{AELTE—}E] dZZ dxz dyz dxy de_yZ
d2 00 0 0 0
Spin-orbit perturbation . dy, 0 0 —0 0 0
Ligand field : dy, 0t 0 0 0
> dey 0 0 0 0 2
J. Stohr JMMM 200, 470 (1999) dxz_yz 0O 0 0 -2 O 22



Charge distribution

| +0.000
@ +0.004
0+2.000

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

Spin distribution
Majority Minority

L)

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).

Vee+ VSO :

Vee+ VSO :

ee’

ee’

, =29
S,=1.3
L,=29
S,=1.3
L,=0

;= 2
L, =125
S, =

23



Magnetic properties of 3d ions

(a) Octahedral Ligand Field:

tipel  3d*|t3e?  3d%| tier  3d°|t3e2  3d7
High Spin > Cr2+ Mn2* Fe?* Co?*
Mn3+ Fe3* Co?®* Ni3*
2 3 8] +6 9
t3g 3d'| t3, 3d2| t3, 343 e s=5, Gty s=9, tSe2  3d°|t5ef  3d
Ti%* V3+ Cr3* | =490 ug| Mo =592 g | boa =4.90 g | ., =388 s | Ni2* Cu?z*
=4.7-49 =5.6-6.1 =51-57 = 4.3
s=1, S=1 S=3, | i i Hora = 4.3-5.2 s=1,
“ e 5 344] ¢5 345 ¢¢ 34| ¢S el 3d7
_ _ - 29 29 29 i =283 = 476
Pear = 1.73 Pg | Hea = 2.83 Mg | e = 3.88 pg Cr2+ Mn2* Fe2+ Co?* Heal = £.69 g | Hea = 1.73 Mg
obe = 1.61.7 | Bovs = 27-2.9  Uops = 3739 po 34 Fed* Co* Ni%* Hse=2833 .. = 1722
S=1 s=1, S=0 s=1,
LOW Spln 9 pcal =2.83 “B UCaI =1.73 UB pcal =0 Mg Heal = 1.73 Mg
Hobs = 3.2-3.3 Hobs = 1.8-2.1 Hobs = 0 g Hobs = 1.7-1.9
(b) Tetrahedral Ligand Field:
e} 3d1| e? 3d2|e2t3,  3d3|eity,  3d4|eZtd,  3d°|edtd, 3dS|eitd;, 3d7|eftr, 3d®|ejts,  3d°
+ -
Cr5* I\(;I:r45+ Fe5* n/a Mn?* Fe?* Co?* Ni2* n/a
n
S=1/2 S=1 S=3/2 S=2 S=5/2 S=2 S=3/2 S=1 S=1/2
Mea = 1.73 pg Heat = 2.83 g | Mear = 3.88 pig | Heal = 4.90 pg | Heai = 5.92 g | Mear =4-90 Yg | Heg = 3.88 pg | Hea = 2.83 g | Hem = 1.73 g
Has = 1.7-1.8 | Hops = 2.6-2.8 | gy, = 3.6-3.7 Hops = 5.9-6.2 | Hops = 5.3-5.5 | lgps = 4.2-4.8 | Hops = 3.7-4.0

. : : : 2 :
Owing to quenching of orbital angular momentum, their calculated moments u ., = % \/S(S + 1) are best estimated

from the spin-only, S, value with an isotropic Landé g-factor, g = 2, giving good agreement with the observed moments, p,,..
When there are between four (3d*) or seven (3d”) electrons in the 3d-orbitals, either high-spin (yellow) or low-spin (pink) states can be
observed for the octahedral case. The smaller crystal field splitting in the tetrahedral case means that high-spin states are always obtained,
with very few exceptions. Observed moments that exceed the calculated moment, such as for Co?*, imply an intermediate spin—orbit

coupling and an incomplete quenching of orbital angular momentum.
https://doi.org/10.1038/s42005-022-00853-y 24
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Magnetic properties of 4f ions “P=L

, 47° 47 4f13
Hund’s Rules Moments § Sm2* Eu2* Tm2+
(D)
® |/=on=9)]d=8=7, J=17,
> gJ:O gJ=2 gJ=8/7
;I Hcal = 0 Mg | Hca = 7.94 Hs Heal = 4.54 Mg
Hobs = 7-9 Mg Hobs = 4.5 Ug
471 Ly e 47> 4r° 477 478 479 4710 45t 4 4713
S | ce* | Pr* | Nd Sm3 | Eu* | Gd>* | Tb% | Dy3* | Ho** | Er** | Tm3 | Yb3*
C
% J=5/, J=4 J=9, J=%, |J=oL=5)] J=8=7, J=6 J =15, J=8 J =15, J=6 J=7/
> 9,=%, 9 =45 9, =844 9=% 9,=0 9,=2 9,=3%, 9 =% 95 =54 9,=% 9 =7/ 9,=%;
o-if-) Hea = 2.54 pg | Moo = 358 pg | Hew = 3.62 g Meai = 0.85 Ug| Mo = O Mg | Mear = 7.94 Yg | Bea = 9.72 Pg || Ues = 10.65 g | Hea = 10.61 g | pea = 9.58 Ug | Hea = 7-56 W | Meas = 4.54 Y3
Mops = 2.5 Hg | Hobs = 35 W | Hops = 3.4 Ug Hobs = 1.7 Mg | Hobs = 3-4 U | Hops = 7.9 U | Hobs = 9-8 M | Hops =106 pg | Hoos =104 U | Hops = 9.5 B | Hons = 7.6 W | Hops = 4-5 g
411 4f7
()
O Pré Th#*
% J= 5/2 =S = 7/2
"j'_ Heal = 2.54 Pg Heal = 7.94 Pg
Hops = 0.7 Wg Hops = 8.0 Mg

Excellent agreement between the calculated (Hund’s rules) and observed moments is found for almost all rare earths. Poor
agreement for Sm3*, Eu3*, and Pr** is due to the proximity of the next highest spin—orbit manifold. The blue shaded ions have an odd number of
electrons and therefore Kramers ions, which are guaranteed to have at least a ground state doublet while the pink shaded ions are non-Kramers
ions, where a non-magnetic singlet ground state is allowed by symmetry. Non-magnetic Ce** and Yb?* are not included here.

https://doi.org/10.1038/s42005-022-00853-y 25
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Strength of interactions in 3d and 4f solids

=Pr-L

25'+1; ,

3d transition metals Af rare earths
Vee 1eV leV

Vo 50-100 meV 300-500 meV
r J

Veeman (B=1T) 0.1-0.2 meV 0.1 -0.6 meV

<1 meV

-~

Hee HCF HSO

Hee HSO HCF

The approximate size of the important interactions in solids for the 3d "shell in transition metal ions and the 4f " shell in rare
earth ions, illustrated by the observed splitting in spectra of the ions in crystals.

Note the opposite relative size of the CF and the spin—orbit splitting for the 3d and 4f systems.
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Metals vs insulating compounds “PEL

_ St&Sie06
Band model of 3d metals and oxides
- 4o
2 3d metal fﬁ,f’”’fﬁ g Large orbital
Metals ks — ' s band overlap
Electrons are neither free nor entirely localized ﬁfﬁ P leads to
near the ion cores. Magnetic moments emerge 4s.p |<Z delocalized
from the balance of these two tendencies. iy electrons
3d R and large
F jd band overlapping
bands
1/a DOS
3d metal oxide I 1:

o - - ,’ Small orbital
Insulating ionic compounds (e.g., transition-metal Maspl—"-__ j P band overlap
oxides) I —— N leads to
The magnetic moment is determined by the type of L ==-— E,~= dband 52?:::5:5
atom and its ionic valence at each lattice site, site (harrow
symmetry (crystal field). O2p < > electron

p band bands)
1/a DOS

= |n a first approximation one may treat the valence orbitals of an insulating material, e.g., a transition metal oxide, as being localized on
each ion. By knowing the number of electrons in unfilled shells, the atomic magnetic moment is derived using the Hund's rules.
= This procedure gives approximately correct results for the 4f ions, but fails to reproduce the correct moments for the 3d ions. The reason

of this failure is mainly due to the quenching of the orbital component of the magnetic moment induced by the crystal field.
27



Band formation “PFL

The periodic potential of a crystal breaks up the atom states and redistributes the valence electrons in Bloch states
-> the quantum numbers n/m and atom position (r) are replaced by the band index n, orbital character (/m) and the wave vector k

. k=m/
Ideal chain of N atoms (b) i
. R K
In band theory, combining orbitals on different atoms X.
corresponds to the formation of Bloch functions 7 fay de S}%} : %SL
which, for the case of a linear chain of N atoms, are / “m o 'M] "r;ﬂ'““'r |
written as: y d@ dv d7 d7 d7 d 1
d32,? (;Qt)gé‘:} géjgé‘:}
_ — (@) jikaq (c) d
(k) = 2 d;"e di=d,, d,, .. [y K @ . 1
1 A 7 Wi
E. T / E—7 r
— (@) FTEss / s ——=>
For k=0 $;(0) = ) df . N 7
q ? d =======ﬁ ==s=T= ‘.__T____-‘]T
e[ Ay ;’f AN \\ -
LIJ N}E-'-'.‘:: ________Ea L
For k=7Z'/G . E = —1 qd(Q) Gy i \
¢] ( ) ] - ____‘_."\.
a N
32 3 A
A
0 n/a 0 n/a DOS ]
Wavevector k
St&Sie06

Orbitals pointing at each other (strong interaction) show dispersion

Orbitals parallelly aligned (poor interaction) do not disperse (mostly k-independent) a



Cu band structure and density of states (DOS) “P=L

Cu: fcc crystal

first Brillouin zone:

o

Energy (eV)

-10 4 -10

8 6 4 2 0L G X K G
DOS Wavevector k 29



d-state dispersion vs. CF symmetry vs. L quenching “P=L

|
P 7 "In-plane” d-orbitals  "Out-of-plane” d-orbitals =
z (a) bulk fcc de d, dir 0 d, 7 (¢) (001) interface
E
dyz dy,
dyz_y2 dyy
dgzz_,rz
>

k \‘~-

atom: oz

quantized, degenerate orbitals r X

Bulk: bands form due to overlapping of the wave functions of close atoms.

b) free-standing monolayer: mainly the in-plane d-orbitals feel the bonds and then show big splitting and dispersion in the (E, k) space while the
out-of-plane d-orbitals stay mostly unperturbed -> L, quenched
c) multilayer with stronger out-of-plane than in-plane bonds: the situation is reversed -> L, quenched

a) cubic structure in-plane and out-of-plane bonds have similar strength and then the dispersion of the d-orbitals is similar -> L,  quenched
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Band contribution to the spin moment “P-L

Spin moment is given by the unbalance
between spin up and down

3 : 3
ébcc Fe mfj' E_-hcp Co P 4 band
e ok B | s band
& °f § Js
! - min. -
g t| L
E‘]-1(131.l-lf'i‘“l(‘JHHS §1OLU'—151L”(.)'H:‘.‘51
3 3

_ fce-Cu

Density of states (eV “atom

Ll 'ELI"l'
-10 -5 0 5

} EF \ EF

n(E)
ﬁ /ﬁ
/—"’" sT - sT
k; S.L SvL E
w as
]

J! Y
non magnetic state: N ;= N, magnetic state N, ,# Ny,

- s, p bands are extended (band width about 10 eV) ->
contribute by about 5% to the total moment

- d bands are narrow (band width about 3 eV) ->
their splitting determines the magnetism

St&Sie06; S. Blugel Phys. Rev. Lett. 68, 851 (1992) 31



Stoner model for spontaneous magnetization: exchange splitting “P=L

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

n(E) A Eg \ Er
s dT\ n(E) : density of states
e S S
sl ] st E Coulomb interaction: V. N, Ny,
¢ AW
11
J ‘ A
non magnetic state magnetic state
_ Each band shifts by A/2 in opposite directions;
Nup _ N/2 Nup — N/Z + n(EF)A/Z Nyp (Ngown) increases (decreases) by dN=n(E;) A/2.
Ngy, = N/2 Ny, =N/2 —n(Ep)A/2 Gain (loss) in energy is = dN * A/2

. . A A A A A?
Kinetic energy variation =~ (dNup — deW) =3 [n(Er) S (—n(EF) E)] = 7n(EF)

: : — N? A N zZ 5 N2 A% 5
Coulomb (e-e) interaction variation = 1, lT + n(Ep) S*5— n(Egp) = * L (EF)] ~Vee = ~Vee 1 (Ep)

2 2 2
Total electron energy variation dE = A7TL(EF) — Voo A:nz (Ep) = A?n(EF)(l — %n(EF))

If dE < 0 spontaneous magnetism appears -> 1 — %n(EF) <0 (Stoner criterion )

St&Sie06; S. Blugel Phys. Rev. Lett. 68, 851 (1962) It depends on V., and n(E;) (both are material dependent) -



Band narrowing in low-dimension leads to increased exchange splitting “PEL

|
See exercise: 2.4 bulk Fe DOS
| f 31.50 T T
- 5 -"‘.--.-.: 3% L ]
- 250 & Fe, is one Fe atom at
;E:. oo B Au(111) surface
] 3 ? -
2 0.50 . B
0 0.0 |
I | I
g N Fe,/Au(111) r'l! i
2 . —~ 4 — 1MLFe/Au(111) | :
§ H 150 8 E i Au(111) \ i
s b —
£ + H 200 E o - L B
5 | | I )
0 8 3 4 2 0 2 o 0 i ==
6 4 2 0 2 4
EMERGY RELATIVE TD FERMI ENERGY (EV]
energy [eV]
Moruzzi, Janak, and Williams, Sipr, Minar, and Ebert,
Calculated electronic properties of metals Europhys. Lett. 87, 67007(2009)

(Pergamon, 1978)

m. (Fe,;) > m¢ (1ML) > m. (Fe bulk)
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Band structure magnetism “P=L

Bulk Au
: 15? .:-.‘1".."
: |
o'
- *
C EF 10 = "-I“.:.“.“‘-'-' =
\ A J B . -
(78Pt [79Au ) f; Interband gap
- 195.1 | 197.0 25 (5d -6sp)
3 2450 | 1+5qm0
> \ )\ /| E A
o ar
L% O | o Attt o s e it E:
[ .
-5
: : : i .’
: = ~ _1[:1".....
G X w L G I X W L I'
Band structure of bulk Pt. Solid lines: with spin-orbit
coupling, dotted lines: without spin-orbit coupling
Pt -> Fermi level crosses 5d band Au-> 5d states well below Fermi level
-> close to show spontaneous magnetization -> difficult to induce magnetism
(need some extra interaction to promote band splitting) (big band splitting is necessary to have magnetism)

The same is true if we look at Pd and Ag

P.M. Haney et al., Phys. Rev. B 88, 214417 (2013); T. Rangel et al., Phys. Rev. B 86, 125125 (2012) 34



Hybridization and dimensionality effects “P=L

See exercise: 2.5

Co monomer on Pt: hybridization with the substrate
S Size dependence

Co on Pt —— clean Pt surface

(Pt lattice)

i
=
T

—
[]
I
]

Reduced asymmetry by
increasing the cluster size ->
reduced magnetic moment

8 T T T T T I T I

ra

=
o
£n

=
o

Co on Pt

fa]
I

isolated Co
m === Coon Pt

ra

=
o
£n

I

dDOS at Ptspheres [states V']
= S
T
|

dDOS at Co spheres [states eV'']
Ll

i
=
T

== B pelow Co

| 1 | 1 | 1 | 1 | 1 | L | L 1 L 1 ! | L

B B -4 -2 0 5 -5 -4 -2 i 2
energy above B [eV] energy above Er [eV]

ra
T

%]
-
on

[
T 4N

Asymmetry in the Pt LDOS at E¢ when
covered by Co->
induced magnetic moment in the Pt(111)

ra
T

— —— 1 atom -
| === 2 atoms

-—- 7 atoms (center)
=== 7 atoms (edge)

- === hulk (Pt lattice)
] 1 ] 1 ] 1 ]

-4 -3 -2 -1 0 1
energy above Ep  [eV]

total DOS at Co spheres [states eV'']
J

fa]
]

I,
O
Q
2
3

O. Sipr et al. J. Phys.: Condens. Matter. 19, 096203 (2007) 35



3d metals vs 4f lanthanides

Electronic configuration gas phase: [Xe] 6s2 4f N
(exception for Gd: [Xe] 6s! 5d?! 4f7)

1:2

0.8

0.4

P*(r) (electrons / a.u.)

Gd metal

The difference between atomic and
case is the electronic configuratio
In bulk: [Xe] 4f V-1 5d* 652

0 1.0

2.0
Radius r (a.u.)

participating to bond formation

4f states are strongly localized ->

do

not participate to bonding
CF ~ 10 meV
SOC ~ 200 meV

I

Coulomb repulsion ~ 1-10 eV

St&Sie-2006

- Magnetic moment defined by the 4f states
- L unquenched (small CF for the 4f, Hund’s rules hold)

J.D. Rinehart, et al. Chem. Sci., 2, 2078 (2011)

with the 3 electrons in the outer shells

+3

Dy3* (6504f 9)
+2 +1 0 -1

-2 -3

ty

tet Lt

tt

L=5; S=5/2 -> ground state °H,c,

8000 cm-1~1eV

A

bulk

n. 10 -

Energy (cm™ x 10°)

0 -

sHﬁfz
spin-orbit
coupling

electron
repulsion

crystal
field
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Condensed summary “P=L
Single atom: V,, = f —> Ve + Voo = J=S+L
L=0
3d Vee+VCF:>'z~O Vee +Ver + Vso = J =S4l
Ensemble N S ~
of atoms: ee L =)

4f Vee tVso = J=S+L

I/ee+VSO+VCF:> J=58+L
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