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Electron Paramagnetic Resonance:
the free atom case

ww. Nyperfinecourse .o

Classification of nuclear methods

I3 - These 3 energy scales distinguish
3 different classes of experimental methods:

o « Nuclear Magnetic Resonance (NMR)
* Nuclear Quadrupole Resonance (NQR)

@ - laser spectroscopy
« Electron Paramagnetic Resonance (EPR)

I,=3/2

* NMR on Oriented Nuclei (NMR/ON)
6 « forward scattering of synchrotron radiation
- » Mdssbauer Spectrocopy (MS)
« Conversion Electron Mdssbauer Spectrocopy (CEMS|
« Perturbed Angular Correlation spectroscopy (PAC)

— e * Low-Temperature Nuclear Orientation (LTNO)

=12 ==

no hyperfine interaction
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eV 12 Atomic energies for La : bare values
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712 J=3/2 in its ground state.
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124 Apply an external magnetic field
1.1 Apply an external field of e.g. B, = 1 Tesla :
the m, degenary is lifted.
1.0 .
Hamiltonian: H = —jij- By
0.9
The relevant g-factor is the Landé g-factor.
0.8
07 The direction of the applied field B, is the quantization axis (Z). Use first order
: perturbation theory (degenerate case). The matrix is already diagonal in the
06 4 |l m; J my> basis, with diagonal elements being:
054 E(my) my| iy, lmy) By
044 _ru";%lf.. my|J. |\my
034 gs g Bomy
0.2 +
52 g
0.1
312
0.0
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2. EPR for free ions (no hyperfine interaction)
— M= -5/2
—— m, =-3/2
£ J=5/2 — m,=-1/2
1 2 — ;= 412
9,=1. —
m, = +3/2
verify — s
m, =-3/2
0 J=3/2 m,=-1/2
9,-08 — = 2
N ) ———
m, = +3/2
By=0 By#0
8
units pgBy
— ;=52 —— E;-1.2(-5/2) = E+3.0
— m,=32 — E1.2(-3/2) = E+1.8
J=5/2 S — m;=-12 — E-1.2(-1/2) = E,+0.6
! g=12 — =12 — E41.21/2=E-06
— =432 — E41.23/2=E1.8
— m, =452 — E4-1.25/2=E;-3.0
— m;=-32 —+ 0+0.83/2=+1.2
0 J=3/2 — =2 —— 0+081/2=+04
g =08 ————— VUJ=+1/2 ——+ 0-081/2=-04
o : —— m,=+3/2 —
By=0 By #0
9
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Boltzmann distribution on levels separated by 0.05 meV.

Quantitative expression:

- -
Occupation of a level with energy E;; N, = Ae™ 7

Population difference between two levels (E; <E,): AN

The population difference is larger for EPR than for
NMR. Combined with a larger transition probability

for EPR-transitions, this explains why EPR is much
more sensitive (i.e. less atoms are needed to obtain

a measurable absorption).

NMR: AE = 1ueV

units pgBy
- m=52 — Energy splitting in the
— my=-32 —F| ground state term for
a 1T applied field:
J=5/2 ——— mJ:.‘\/Z —t
1 — 0.8 g (1 T) = 0.05 meV
g=12 — =412 —
- compare to E; = 120 meV
— 43—+
mEr > small
—— m,=+5/2 —F Therefore, no transitions from
J=3/21t0 J=5/2
— my=-32 —F +0.83/2=+1.2
0 J=3/2 I my=-12 — +0.81/2=+04
g,=0.8 my=+12 —+ -0.81/2=-0.4
T — =432 — 0832212
By =0 By #0
10
units ugBy
m, =512 | ESR selection rules:
— =32 |Am,| =1
J=5/2 — My =12 — Physical interpretation:
! R gradual flipping of
g,=1.2 o the magnetic moment (J)
— =432 —— of the electron cloud :
— m,=+5/2 —
my=-32 —+ +0.83/2=+1.2
0 J=3/2 my=-1/2 — +0.81/2=+0.4
g,=0.8 m;=+12 —+ -081/2=-04
T my=+32 — -083/2=-12
By=0 By#0
1
m, =-3/2
0 J=3/2 my=-1/2
m,=+1/2
9,=0.38
! m, = +3/2
By=0 By #0

= 0.00004 @ 300 K

EPR: AE=0.05meV = 0.00193 @ 300 K
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EPR = use microwaves to rotate the (total) magnetic moment
of an electron system interacting with a point nucleus (u=Q=0),
subject to an external magnetic field.

13
ith hyperfine int ti
14
Hamiltonian:
H *ﬁ.]‘Btt*ﬁI‘Btl+;2[~.]
J=512 n
E leading term:
g,=12 Zeeman splitting in m
E(my) g pipmy By
/HBBD
m, =-3/2 2
J=3/2 0.4 One transition frequency: 0.8 pgB,
0 0 (selection rule |AmJ| = 1)
g,=08 04
1.2
B,=0 By#0
15
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1B,
A = BZht our example:
LT g=t,1=112
po= guni
Hamiltonian: \\
A L = L o= A o
H = 7;1_1~B1; 7[[1]~B(] + —2[]
J=512 i}
1 perturbations,
g,=12 diagonal in || m; J m;> basis
E(imp) = =gnunBomi @
HeBo B
m, =-3/2 i 0.5
1.2 -mmeeeeees s
J=3/2 04
0 0 1/6
g,=08 04 oo -1l6
1.2
By=0 By#0
16
B
A = BB Gy example:
LT g=1,1=112
wo= gunI
Hamiltonian: \
: . g
H = —jij-Bo — jir-Bo + —I1-J
J=512 i}
1 perturbations,
g,=12 diagonal in || m; J m,> basis
E(my) gottn Bamy ‘
1By
m, =-3/2 m; = +1/2
2 m =112
=
=-1/2 _.
o J=312 — 04 ———— R}
g,=08 Al I '54—"“:'11//22
,=0. - my =+
m, = +3/2 ! m;=-112
1.2 1
- =+
By =0 By#0 example for A<
mind the sign sequence 17
1B
A BZht our example:
LT g=t,1=112
I gunt
Hamiltonian: \\
A L = L o= A o
H = 7;1_1~B1; 7[[1]~B(] + —2[]
J=5/2 %/h—/
1 perturbations,
g,=12 diagonal in || m; J m;> basis
E(mp) = ~gopinBomy
EPR selection rules:
5B, |Amy| =1 (see before)
_ [Am| =0 (new)
m, =-3/2 2 m, = +112
m, =-1/2 m= ;11//22 The original frequency|
0 J=3/2 0.4 vy ﬂ} =12 splits into two:
m, = +1/2 I 0 | i m=-1/2 ONe a bit larger,
9,=08 04 ¥ i m=+12 one a bit smaller
m, = +3/2 ! 12 m =12
_ : my=+112
By=0 By#0 example for A<Q
mind the sign sequence 18
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H =
J=5/2

g,=12

m, =-3/2

=112
J=312 -

Hamiltonian:

*ﬁ.]‘éu - ﬁl‘gn +

SrT
LZ

~

perturbations,
diagonal in || m; J m;> basis

() Amypmy
1 ]

« often 10 times smaller
« shifts all levels
« transition frequencies unaltered

m,=+1/2

m =112
m,=+1/2

=00 m, = +1/2 I
,=0.

m =12
m =12

m, = +3/2 !

By=0 By #0

my=+112

U my=-112

m=+112

example for A<0
mind the sign sequence 19

EPR = use microwaves to rotate
the (total) magnetic moment of
an electron system

interacting with a real nucleus
(here 1=1/2).

The experimental graph tells you

« the nuclear spin (number of peaks)

« the hyperfine coupling constant (distance between peaks)
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