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Magnetic Resonance - a Russian Discovery

First report and proof of magnetic resonance Key paper:
performed in Moscow
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Recapitulation: Damped harmonic oscillator |
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Recapitulation: Damped harmonic oscillator Il
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Recapitulation: Externally excited damped harmonic oscillator |

driving forces DGL
+— kX F,=F, cos ot ) _ ) F
I/\/\/\/\/- m <——> T4 v+ wyr = — cos (wt +4)
I
«— R=fBx damping L 5, k
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m m

General solution:
r=Iyg—+ Tsg
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Recapitulation: Externally excited damped harmonic oscillator Il
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Recapitulation: Externally excited damped harmonic oscillator III
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Recapitulation: Externally excited damped harmonic oscillator IV

r=TIy-+ Is

stationary solution
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Recapitulation: Externally excited damped harmonic oscillator V
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- Comparison: Mechanical Oscillator vs.
Electron Spin Resonance (ESR)
Mechanical system Magnetic moment

driving forces
+«— kx

F, COS ot
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<+<— R damping
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Spin in magnetic field — Quantum mechanical treatment |

Classical physics (spin % leads to magnetic moment )

~ - H
a=-ySs Y =9, 78
magnetic electron spin romagnetic ratio
moment P gy g
Energy of magnetic moment in external magnetic field: Pauli spin matrices
E=-1-B, §_EO 1j
l Quantum mechanics 2{1 0
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Spin in magnetic field — Quantum mechanical treatment ||
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Spin in magnetic field — Quantum mechanical treatment Il -

time dependent behavior

Time dependent field along z-direction (0,0,B,)

Schrodinger Equation

B,S, ¢ = |h(3—(t0
solution: Larmor precession
o(t) =ae” o, +be' 20 =ap, + o,
with @, =y B, t

Interpretation (expectation value of 5;, i.e.< @* S, @ >):
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<§, >=¢*§z¢=£a*jg(_a j=§(l al —Iﬁlz)=§(a2 ~b?)

x*
'B 'B constant in time

<§, >=abncosapt <S, >=abnasin ot rotating with o, in

x/y-plane el Medr
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Spin in magnetic field — Classical treatment

Landau-Lifshitz-Eq. (ii—’f: =—y I X I§0

Time dep. Torque

of angular in external

momentum magnetic
field

Ansatz (harmonic oscillator) :

— — — — it — -~ —
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time dep. constant 1
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Influence of rf-field on magnetization precession |

Laboratory system system that
rotates with rf-field

| | z,2
linearly polarized
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for w=w,) on average no effect
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Influence of rf-field on magnetization precession Il
0W=20, MW=,

®=0.50,

rf-field opens precession cone
for o=,
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Conventional ESR detection Il

Wi=7-h
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7

Experimental detection of ESR (conventional method)

resonator

quality factor resonator:

u Pes ratio of input power
Res ™ p to power loss
loss
W, 5 power coupled into
PRes = 2— J-brf dv resonator
0 volume (per period)
resonator
power absorbed by
P = &Z”Ibﬁ dv sample from rf-field
2/J0 Sample (per period)
1 2
X ,[bl‘f dv Prob Res.
Signal ~ _abs _ Sample =)("77-Q§es
2
loss ; J.brf dVv
Res volume
resonator
bz dV
= S0P filling factor
b2 dv
volfjme

resonator AN -
-
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Conventional ESR detection |

. Reference arm
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Paramagneticion in a crystal

Hamilton-Operator for electrons of paramagnetic ion (no external field):

H =1{(p?/2m)-(ze? 1)+ (2 /1, )+ A1, -§ +a ) - T—e @, (F)f

ij i

Kinetic energy Coulomb repulsion Magnetic  Crystal field
of ion between electron interaction Interaction
pairs between electrons
Coulomb attraction and nucleus with
between electrons nuclear spin |
and nucleus Spin-orbit
interaction
between
electrons
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Reminder: Cubic Harmonics |

Solution of Schrédinger Equation for H-Atom

Yoim(™9,0) =Ry (r) Vi, ¢) Hydrogen wavefunctions

Radial part Angular dependent part
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Reminder: Cubic Harmonics Il

d-orbitals

Schrodinger Equation is a linear equation (cubic harmonics)

If Y1 and W2 are solutions, then

Y3 =a%¥1+b'¥2is solution, too. ' ' :
One obtains REAL solutions for: '
dyz

/\/_ 22 22 }/\/_ 217 21 Y2,0

dxv dvz d,- ;
/1/ 5 (v,,+Y, ,) %/E (v, +Y, ) | »
de 2 d,, (""
Example:

15 1 sio e
_ 2ip 5 Y, +Y 2

Y, . ” 2Sln *9-e }/r 12 +Y, )~ sin? 9cos 2 = (sin 9cos o)’ — (sin Isin o)
With (unit sphere, i.e. r=1) singsingp=x,sinJsinp=y,cos 9=z

— }/\/E (Yz,z +Y2,—2)~ x*—y?
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Crystal field interaction |

A {57 r2m)- (26 e 11, )+ A -, a0}

Assumption: Crystal field creates electrostatic potential at the site of the ion
Symmetry of this field is determined by symmetry of the crystal

Weak crystal field: Crystal field weaker than spin-orbit interaction
Rare earth ions with low lying f-shell

Intermediate crystal field:  Crystal field stronger than spin-orbit interaction
3d group ions with outer shell 3d electrons

Strong crystal field: Covalent bonding to neighbored ions or atoms
Crystal field theory not applicable, since
sources of crystal field are not outside of ion
under consideration
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Crystal field interaction Il —
Instructive example: d-orbitals in cubic/tetragonal crystal field

’_
y P4
dzx
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Zero-field splitting (influence of spin-orbit coupling)

Removal spin microstate degeneracy for systems with S > 1/2 in absence of an applied field.

Reason are spin-spin interactions like dipolar interaction
or spin-orbit interaction between different electrons

3/2

1/2
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Example I: Fe3*- and Mn?*-impurities in ZnO

Electronic configuration of free Fe3*/MnZ*ion Zero-field splitting
m 2 1 O -1 -2 . Without spin-orbit coupling
No effect of crystal field, A m,=m,
T 1‘ ’]‘ T ']‘ —> 655/2 due to spherical charge L . 5/2
ictri i erfrine-
distribution > yp -
q
S=5/2; L=0; J=S=5/2 Q 3
Ll 1/2
i ' ' ' ' ' . ' ' ) ‘T (m
N > | -1/2
: s | /
8 c // | -3/2
<L Min™ L /
€ At — Vo -5/2
% // / >
“ /Z/," With spin-orbit coupling
ea:l.:;-- | . . | | | | . r—_ml:n:lx 0 f\\\\ 4 m,= my
100 200 300 400 o0 600 \\\\ 5 5/2
B-field [mT] VN >
\\ \ % 3/2
Figure 3.3: Fe**(red bars) and Mn?* (blue bar) impurities in Zn0 measured by ESR \\ LICJ
at v = 9.3 GHz. The magnetic field is oriented parallel to the crystal c-axis (0001). \\ 1/2
Both ions have a fivefold fine structure due to § —j . Contrary to the Fe lines the ‘ \\-’
Mn resonances are sixfold hyperfine split by the nuclear moment Iy, g leading -1/2
to a spectrum of in total 30 lines. -3/2
T. Kammermeier, PhD thesis Uni Duisburg-Essen (2010) 5 = ;5/2
0
"‘- - N E—
T, e/
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Example II: Co?* in ZnO
2 1. 0 -1 -2
R i

S=3/2; L=3; J=L+5=9/2

m

T. Kammermeier, PhD thesis Uni Duisburg-Essen (2010)

2 Co” ’
® O 3 . -
E ) -E |I f I || | | |
& 7n” s | J i, NI -
% - lf’ (/j |'r Irr I llr ll.f—_
| o
o | .
@ | | | ‘ Hyperfine-
! 11 mT | splitting
F @=0° (B !l ¢) T=5K1
250 2485 300
B-fiekdfmT] Co has

c isotope with
mg —
” 1=7/2
a bz 72
Freelon 71| " . 50 Byfield
A Tetrahedral  Trigonal ~ - e
g crystal field distortion Meoncent g A
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Magnetic Resonance in Ferromagnets (coupled spin system)

Ensemble of coupled spins Macrospin model
B¢ Anisotropy field,

dipolar fields

M exchange fields
etc.

Magnetisation in
effective field

+
damping
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FMR: Uniform mode - Influence of magnetic anisotropy
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& FMR: Spinwave excitations due to coupling of spins (non-uniform modes) |

Elementary excitation of coupled spins

Thermal modes

control magneto-dynamics conFroI_thermo-dynamlcs_
Excitations at high energies >1meV

(e.g. by temperature)

Magnetostatic modes

ground state excitations
at small energies <lmeV
(e.g. by microwaves)

2

VL‘ - o
Meoncent g g VA [
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FMR: Spinwave excitations due to coupling of spins (non-uniform modes) Il

Ferromagnetic stripe d<<w

—

By,
w

.
dipole
+
exchange — Zd (only exchange)
B
exchange exchange dipole
2A 2A e oz )
i T
oot sl e 3

d:p% quz%:p%
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Exchange dominated spinwaves in thin films

o 2A

E i LaMnQ,, 9GHz CU:?”(BM — 1,M +tiJ
>

‘3 N Spinwellen-Moden

° _

TCU O 14—;

% | T=100K .

= d=100nm ]

S ]

0 10-
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Dipolar spinwave modes in ferromagnetic stripe

Spinwave modes (thickness of stripe d=30nm) stripe (length — 0):
Bt_ 1 N w=1.8 um
| M=0.8 kG
;E 70_:"’HH+H#H+HH BO||IM |||OngaXiS
% 60- w=500nm-5000nm
: (parameter)
d=30nm

; - m
10j//ffff, X-Banc
¥~ Uniform FMR-Mode

Cy CHy o 1 2 3 4 5

U
M By, (kG) ) MeDn

Member of the Helmholtz Association
Dr. Jurgen Lindner | Institute of lon Beam Physics and Materials Research | www.hzdr.de



Magnetic Resonance in Paramagnets /‘

70

50

v (GHz)

40]

30

Summary
IH.?—
3
o
s | -
Pl R 4
3
&
|
@=0" T = 300K
*.‘éltl I 2:5(.'-‘ I 3:%‘-:? I 4I;J|:= I 56"5' I 6O0
B-field [mT]

Identification of species and environment (crystal symmetry)

Indirect way of investigating lattice sites that are occupied

Ferromagnets M

Measurement of magnetic anisotropy, internal fields (dipolar, exchange)

Investigating spindynanics in nanostructures
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