Spintronics: Basics and Applications

Lecture 8

Dynamics for quantized spins:
Spin Hamiltonian
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The spintronics “goose game” “P-L
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From classic to quantum =-1-1
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Spin reversal: classic vs qguantum world

Classic

Continuous magnetization rotation:
the magnetization rotates and passes

through the hard axis direction
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Interacting reservoirs
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doi:10.1088/0034-4885/76/2/026501

Classic

Ex.: Strong spin — electron hybridization

\ e

E; } '
Strong spin — electron (phonon)

hybridization = continuous spin
reversal models (ex.: LLG eq.)
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lattice

Quantum

Ex.: poor spin — electron hybridization

|

Poor spin — electron (phonon)
hybridization = how do we model
the spin reversal ?



Spin Hamiltonian “P=L

Transition metals H,;,=H..+Hs+Hsoc+ H, Hsp—orh = AL - S Hz =pp(L +2S)-H

H=H,,+H I, v)|S, Mgs) Basis that diagonalize H (/is the orbital part)

# . II.' - # s —~
Hot = (I, 7[Hep—orb + Hz|I, 7) SOC + Zeeman in second order perturbation theory
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Gy =20, — A,,) = Guu = 2 0nly if L=0-> free electron

R. M. White, Quantum theory of magnetism, Springer (2007); M. Mostafanejad. Int. J. Quantum Chem. 2014, 114, 1495 DOI: 10.1002/qua.24721 6



Spin Hamiltonian and MAE “PEL
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A, reflects the symmetry of the crystal. Ay = E

— Er,,
The spin Hamiltonian must also display this symmetry: in a cubic crystal A, =4, =4,
For axial symmetry A,, =A, =Arand 4,,=4,
Neglecting 15 A, H, H,
1 1 :
S | Hot = gupH.S. + g1un(HSe + HyS,) + DIS? — 58(S + 1)) +55(5 +1) (241 +4)) X

D = A2 (A — A,) contains all the information concerning the crystal field i.e. the orbital moment
anisotropy

The Spin Hamiltonian is a phenomenological Hamiltonian with D, g, and g, as parameters:
- D is used to describe the uni-axial anisotropy
- gy and g, reflect the anisotropy of the orbital moment



Ex. uni-axial system: energy scheme vs B

Example: axial symmetry (Cw,) and H = (0, 0, H,)

1
Herr = gyup(H,S;) + DSZ + §5(5 + D[A2(AL — A + 2A2QA, + AY] = gyus(H,S,) + DSZ + S(S + 1)A%A,

S$=3/2and D >0 (we can neglect the effect of S(S + 1)A%A| since it is just a shift in energy)

Herr = gytp(H,S,) + DS D = N2(A —AL)
5 m B
(<3| [D-SoyusH O ) 0o
Het = (—3 0 -D-lgpusH 0 0
(3 0 0 —D+ 39yuH 0
1] 0 0 0 D+ 2g upH |
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Energy barrier for reversal: uni-axial case
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Energy barrier for spin reversal (E}): easy axis along z

E, = DSZ (S integer) E,=D (SZZ — %) (S half-integer)
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Co, Fe atoms on insulating substrates: MgO/Ag(100) “P=L

Charge distribution Spin distribution s
Majority Minority + T

Q0@ | S0

O @y Axial (C,) L, = L,=-3
m +0.000 Crysta| field Sz =1/2 Sz =-1/2
@ +0.004
0 +2.000 \ .

LZ = - S-e || z Bl
MgO = H( S, = 3/2 1 ! S, =-3/2
Ag = —-3/2 -1/2 0 1/2 3/2 S,

L)

Different interactions with neighbors atoms for Co and Fe »
Herr = gupS,B + DSZ + -

EJ\

|4)

Cu = =
crystal field B,=2.5T

+0.0
+0.1
+0.2
+0.3

1.G. Rau et al. Science 988, 344 (2014); S. Baumann et al. Phys. Rev. Lett. 115, 237202 (2015): DOI: 10.1038/NPHYS3965. 2 0 26 10



Low symmetry cases “P=L

In general A,, , Ay, and A,, are different (distorted octahedral symmetry) c
a
Herr = giitp(H,S,) + guus(HySy + HySy) + DSZ + E(S — S3) :
1 1 A? .
D = )2 (EA"’“ + fAW —A,,) = AF (Ly—L,) D and E are parameters describing the MAE,
proportional to:
1 1 2 a) orbital anisotropy
E =22 GAxx =5 0yy) * 1 (Ly—Ly) b) Spin-orbit constant

25 A g, and g, contain also information about the
Guv = ( pr M ,mf) . .
orbital anisotropy

N.B.:
In the previous equations S should be considered as a sort of effective spin operator S* to be determined by fitting

the data (for example: for rare earths $* = J).

T. Schuh et al. Phys. Rev. B 84, 104401 (2011); D. Dai et al., J. Comput. Chem. 29, 2187 (2008) 11



General expression for the CF “P=L

" O/ are the Stevens operators describing the CF in terms of J, J, and J.
Heff — HZee + z z Bk 0k

— B} are numerical coefficient to adjust (fitting parameters) the weight of each term
m=
even

| is the orbital angular momentum of the considered shell; thus:
| = 3 for rare earth
| = 2 for 3d transition metals

m reflects the CF symmetry; for C., symmetry m=n-i i=0, 1, 2,...

Ex. For C;, symmetric CF = Hgr = BY0Y + BY0) + B 03 + BY02 + B202 + BS0O¢

Ex: 02 =3]2—J(J +1); BY =D/3 Ladder operators:
0= % (i +J2) B3 =2E S lom
09 = 3574~ (30J0+1)- 25) 1.2 + 300+ D~ 6J¢ +1y; | 2 =lelim) =Jit+D -mm+nlim+1)
0i = % U, Ui+ + U+ 1
Of=1/2(]i+]£_}), l"llm) ii'i l+|lm)
n times

For a list of Stevens parameter see: https://www?2.cpfs.mpg.de/~rotter/homepage_mcphase/manual/node132.html 12



Energy scheme vs symmetry “PEL

F ree
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Free atom:

The 2J+1 states (identified by J,)
are degenerate

Coop —
8 0
JZ

Uniaxial anisotropy:
pure J, states are split

|
oo
of
e

Lower symmetry:
crystal field contains O;* terms in the Hamiltonian
mixing J, states separated by AJl=m-i i=0, ], 2,...

- Mixing of conjugate doublets to form singlets
(forbidden for half integer J due to Kramer’s

theorem)

- Allowed spin transition across the barrier
13



QTM in Spin Hamiltonian description “P-L

See exercises: 8.1- 8.3

C..symmetry: H. =D J 2 C,, symmetry:H=DJ2+E(J,"+)")
Pure J, states -> No QTM J," operators mix states satisfying J-J,=n-i =0, I, 2,... -> QTM or TA-QTM

E

/
/
1,3
1,1
J -
TA- QTM

In case of QTM a net magnetization can not be stabilized in the ground state (the ground state is a
superposition of spin-up and spin-down states) -> the particle can not be a bit

14




QTM: the TbPc2 case “P=L

Chem. Sci., 2, 2078 (2011) TbP See exercise: 8.4
C
2 “c: gl s o5 o 05 oo s 0 s o s U esu sl s sa ol s ls
E . iII!‘lIl-I"IIlIll
204 -
ol " 10.1021/jp0376065
E 104 -
E s
B L S -
g ] -
g -10- -
2 5
= -20- -
] et
= 10 15
Th is in [Xe] 6s2 5d! 4f8 configuration
a)
200+
{}‘ - -
T Split states by crystal field
i — with symmetry C,,
Ek, K
=400
- 04 and 020perators mix the two ground statesat B = 0
-60{}->< (dotted lines show the E vs B of the mixed states, the continuous
: i | i d [—6" 104HGH."I'I‘IT—"" E Bf h bed
40506 8 10— ones E vs B for the unperturbed states)
Py HIT —= - States become pure (suppressed spin relaxation) already in

a small field = butterfly shaped hysteresis curve 15
Angew. Chem. Int. Ed. 44, 2931 —2935 (2005)



Surface supported single atom magnets: a controversial case

DFT prediction: stable magnetization (no QTM)

E
o)

doi:10.1038/nature12759

Ho/Pt(111)

=Pr-L

Experiment: paramagnet due to QTM

1 1 | [
—~ - Normal
2 +. Grazing }
0
E J=%6 |
Euc.rj
=
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Energy (meV)

0

T

-8-6-4-20 2 4 6 8

10.1103/PhysRevlLett.113.237201

J,
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Long spin lifetime: avoided QTM “PEL

Depending on the CF symmetry, it can exist terms coupling J, and —J, ground states via J, (J.)
operator -> quantum tunneling -> no stable magnetization

Ex.: CF with a significant O, (C,,) term is not
convenient for Dy3* (J = 15/2) because J,3 links

Calculation for free-standing Dy-O -15/2 -> -9/2 -> -3/2 -> 3/2 -> 9/2-> 15/2
} Annih
21004 ) ?—i?_-i%-‘-%-\--‘r{é; y 3000 - . .
1 27 N _— We can increase the barrier for spin reversal by
1800- -2 i;**% - judiciously choosing the
o0l / coordination environment of the lanthanide ion.
P 1 \ 2100
E | -]%T —+1}1 1800 ¥
> 12004 \ -
S 1 1500 & Axial CF -> only 09, 02 and 02
2 900 \ - < Xla ->only 05, O, an _06 terms ->
1 B —+13 no quantum tunneling
| 0Ot
600+ .“' Dy-O .,\ 900
ot | J 1.74 5. . o
1 [ \ 300
04-18L Xaslo
LI L) L) L) L] L) L] Ll L] L) L] }-
108 6 -4 2 0 2 4 6 8 10 /Hs

magnetic moment

DOI: 10.1021/acs.inorgchem.6b01353 17



Molecular magnetic hysteresis at 80 K in dysprosocenium “P-L

CF mainly axial

Very small transverse terms of order 5
No QTM (forbidden split doublets due to
Kramer's theorem)

Energy /cm—1

2500 ' ' ' . '
2000 | - -
~ | X 5/2)
1500 | ~ | £7/2) = -
~ | k= 9/2)
1000 | ~ | £7/2) i
~ | £ 13/2)
500 | X
0 [ | & 15/2 1 1 1 1 .
10 5 0 5 10

Magnetic moment / 3

Relaxation mechanisms. Blue arrows show the most probable relaxation route,
and red arrows show transitions between states with less probable, but
nonnegligible, matrix elements; darker shading indicates a higher probability

Guo et al., Science 362, 1400-1403 (2018) 18



RE atoms on top-0 site on MgO: almost axial CF

" A w v v v v J v J i v i v v T v e
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Figure 9. Comparison of the blocking barrier of [LnO]* (a) with a
blocking barrier of Ln**, where Ln = Dy and Ho, (b) deposited on the
MgO surface. For these illustrative calculations, it was assumed that
[LnO]" is oriented perpendicularly to the plane of the surface. Lines in
the plots represent the energies of the low-lying J = "/, (Dy) and ] = 8
(Ho) CF multiplet states.

DOI: 10.1021/acs.inorgchem.6b01353

calculation

experiment

Dy3*on MgO
(4f° = J=15/2)

Mainly axial CF

250}

2

g

8

Energy (meV)

Very small transverse terms of order 4

(negligible QTM for Ho)

Spin lifetime of several days at 2K for

both Ho and Dy
10.1103/PhysRevlett.121.027201

1eV ~8000cm™?

Ho3*on MgO
(4f10 = J=8)
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https://doi.org/10.1038/s41467-021-24465-2; https://doi.org/10.1021/acs.nanolett.1c02744; https://doi.org/10.1021/acsnano.1c05026 139


https://doi.org/10.1038/s41467-021-24465-2
https://doi.org/10.1021/acs.nanolett.1c02744
https://doi.org/10.1021/acsnano.1c05026

Transitions induced by spin-phonon and spin-electron scattering “P=L

See exercise: 8.5

Phonons are distortions of the crystal field -> Hgyin yhonon = @ (34, J.)+ b (3,4, J.%) A. Fort, et al. Phys. Rev.
Spin-phonon scattering (s-ph) induces transitions between states differing by AJ, =+ 1, 2 Lett. 80, 612 (1998)

Electrons have spin 6 =1/2 -> Hgin giectron = Jexc 92 07 T1/2 Jey (J1 0.+ J.6,) © Hubner et ol
Spin-electron scattering (s-e) induces transitions between states differingby AJ, =+ 0,1 Phys. Rev. 90, 155134 (2014)

""" A } Example:
Y B CF with C,,, symmetry + interaction with conduction electrons + interaction with phonons

Hy,=DJ2+E @2+ +J, ) o, +12,.(J,o+)c)+a@l,d)+p U212

J, Magnetization is stable only if QTM, electron and phonon transitions are forbidden
20



Master egs. to describe the dynamics “P=L

R 2]+1 2]+1 2]+1 2]+1

(Hg) ==
yaav z P TS-el — z P[5 ¢ z PpTSt ph _ z Pl ph L (Peyn — B)
m’/=1

P,, is the population of the state m

s—el(ph)
me’

. spin-electron (spin-phonon) scattering

is the transition rate between states m and m’ induced by a

.....

_1s 0 15 s—el(ph
L ot = (mlHer + Hs et + Hop[m') D(E)P) F G )e“p’”
| / I \
Interaction Hamiltonian matrix Electron (phonon) DOS Fermi-Dirac
element between m and m’ states (Bose-Einstein) function

A. Fort, et al. Phys. Rev. Lett. 80, 612 (1998) 21



Effect of a decoupling layer “P=L

An Ho atom shows paramagnetic behavior when adsorbed on metal surfaces

| | | | I [ 1 ] T[T |
T eNomal e i Kot e e
5 Grazing # £ § i
Ho % O ; Pt(111) - - S Cu(11l) 1 Ag(100) — . Ag(111)-
i : : 2
/ --—'-""j W"‘"’qﬂ W,
pmpem—— 1 | 1 © L] | | |

10.1103/PhysRevB.96.224418

10-_I+Ihule=:)g LELELEN BLELELE NUELELEN BLELELE B
g PET |
. e T | & ]
Ho atom shows hysteresis (long spin lifetime) S o5k MgO/Ag(100) oo" & ]
when adsorbed on top-0 site on a MgO/Ag(100) % [ § i oo“"p
~ [ = ol & ]
S 0.0
Consequence of reduced: = S P ] Ho/MgO/Ag(100)
- spin-phonon scattering (MgO is stiff) % o5l &Ds’m 9| ﬂ%’fn | _
- spin-electron scattering (MgO is an insulator) S | F & IR :
© - &
= M%@”’ T=65K

o

D (E)€'®N js small 8 6 4 2 0 2 4 6 8
B (T) 22

F. Donati et al.,Science 315, 319 (2016).



Lattice of single atom magnets “PFL

R. Baltic et al., Nano Letters 16, 7610 (2016)

- Dy on graphene has an electronic
configuration similar to the gas phase:
[Xe] 6s2 4f1° configuration = J =8

- Dy adsorbs in the center of a graphene
hexagon (hollow site) = CF with Cg,

symmetry
CF with C;, symmetry
[+ L L L L L L L
i e 1T Experiment, 6= 0° -
20 o ki 7] [« T=25K 0T¢ ..“'
o ) 05F o 7212k v
- N ] 3 i
g [ — . = zﬁ ok -2.7T¢ f2-7T -
-..; i = E i @i ©
3 10F ] F
[ F | 0.5F *'S'GT ) Simulation, = 0° 7
w gL e —_ 1 B ) — T=12K
— . — - -1 =
L J — — L e b by o NL e by |
ob  — £ |1 6 4 2 0 2\ 4 6
T T T S T R A A B R Magnetic field (T) Magnetic field (T)
7 6 311 3 5 7
Angular momentum J, TA-QTM ->M # 0 at B= 0T, and T low enough (< 10 K) F( E Jelon)

T
Graphene decouples from the soft metallic support: reduced kp

spin-phonon and spin-electron scattering (D (E)el(ph) is small) -



