


•  Principles	  of	  magne0c	  resonance	  
– Resonance,	  spin	  Hamiltonian	  
– Experimental	  apparatus,	  detec0on	  methods	  
– Decoherence	  and	  relaxa0on	  

•  Simple	  experiments:	  
– CW,	  Rabi,	  FID,	  Echo,	  CPMG,	  WHH…	  

•  Control	  and	  Hamiltonian	  shaping	  
– Dynamical	  decoupling,	  Average	  Hamiltonian	  
Theory	  



•  Magne0c	  resonance	  is	  the	  exchange	  of	  
energy	  between	  the	  electromagne0c	  field	  
and	  nuclear	  or	  electronic	  spins	  
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•  Interac0on	  of	  spin	  with	  a	  magne0c	  field	  
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•  Magne0c	  dipole	  interac0ng	  with	  a	  magne0c	  
field:	  precession	  at	  Larmor	  frequency	  

�B
ωL

d �M

dt
= −γ �B × �M(t)

= −�ωL × �M(t)
�M = γ�I



•  Local	  environment	  induces	  changes	  in	  the	  
resonant	  frequency:	  spectroscopy	  
– Chemical	  shiQ	  

•  Local	  electron	  currents	  counteract	  	  the	  applied	  field:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   	   	   	  10-‐100ppm	  

– Hyperfine	  
•  Electron-‐nuclear	  spin	  interac0on	  

	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  (kHz-‐MHz)	  
–  J-‐coupling	  

•  Electron-‐mediated	  nuclear-‐nuclear	  coupling	  
	   	   	   	   	   	   	   	   	   	  	  	  (Hz)	  

Beff = B(1− σ)

�S · Â · �I

J�I1 · �I2



•  Local	  environment	  induces	  changes	  in	  the	  
resonant	  frequency:	  spectroscopy	  
– Dipolar	  coupling	  

•  Dipole-‐dipole	  coupling	  (nuclear/electron)	  

	   	   	   	   	   	   	   	   	   	   	   	  (kHz)	  

•  Secular	  component	  

– Quadrupolar	  
•  For	  spins	  I>1/2,	  	   	   	   	   	   	  (0-‐30	  MHz)	  	  
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•  Large	  magne0c	  field:	  
– Small	  polariza0on,	  large	  spin	  ensemble	  (107-‐109)	  
– 2	  –	  23.5	  Tesla	  =	  100MHz-‐1GHz	  

•  Signal	  observed	  by	  induc0on	  



•  Superconduc0ng	  magnet	  +	  spectrometer	  
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•  Electron	  paramagne0c	  resonance	  
•  Electron	  spin	  resonance	  	  
•  Higher	  frequency	  and	  higher	  
	  polariza0on	  
– Microwave	  instead	  of	  	  
radiofrequency	  

Waveband	   L	   S	   C	   X	   P	   K	   Q	   U	   V	   E	   W	   F	  

	  	  	  	  	  	  	  	  	  [GHz]	   1	   3	   4	   10	   15	   24	   35	   50	   65	   75	   95	   111	  

	  	  	  B	  	  [T]	   0.03	   0.11	   0.14	   0.33	   0.54	   0.86	   1.25	   1.8	   2.3	   2.7	   3.5	   3.9	  

ω



•  Induc0on	  coil:	  e.g.	  liquid-‐state	  NMR	  

•  Op0cal	  (ODMR):	  e.g.	  Nitrogen-‐Vacancy	  center	  

•  Electrical	  (EDMR):	  e.g.	  quantum	  dots	  

•  Magne0c	  resonance	  force	  microscopy	  (MRFR)	  

•  Faraday	  rota0on,	  Squids	  magnetometers	  



•  Scan	  the	  magne0c	  field	  or	  the	  excita0on	  
frequency	  



•  Rotate	  the	  spin	  to	  the	  transverse	  plane	  and	  
observe	  its	  evolu0on	  
– Spectrum	  obtained	  by	  Fourier	  Transform	  
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•  rf	  field	  “rota0ng”	  at	  the	  Larmor	  frequency	  
–  In	  a	  frame	  rota0ng	  at	  the	  Larmor	  frequency,	  it	  
becomes	  a	  sta0c	  field	  	  



•  rf	  field	  “rota0ng”	  at	  the	  Larmor	  frequency	  
–  It	  induces	  a	  rota0on	  of	  the	  spin	  	  



•  rf	  and	  µw	  fields	  are	  oscilla0ng,	  not	  rota0ng	  
	  

	  

– we	  neglect	  the	  counter-‐rota0ng	  component	  
– Far	  off-‐resonance,	  it	  is	  averaged	  in	  0me	  if	  	  
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•  If	  the	  rf	  field	  does	  not	  rotate	  at	  the	  Larmor	  
frequency	  
– Not	  on	  resonance	  



•  In	  the	  rota0ng	  frame	  there	  is	  a	  residual	  
component	  along	  the	  z-‐axis	  
– The	  rf	  is	  not	  as	  effec0ve	  in	  rota0ng	  the	  spin	  



•  Oscilla0ons	  driven	  by	  rf	  field:	  

	  

– Calibrate	  pulse	  length	  
– Achieve	  longer	  coherence	  because	  of	  par0al	  
decoupling	  from	  environment	  
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•  Oscilla0ons	  driven	  by	  internal	  Hamiltonian:	  

	  

– Measure	  transverse	  polariza0on	  
– Oscilla0on	  at	  the	  Larmor	  frequency	  
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•  Classical	  picture	  of	  a	  dipole	  in	  a	  magne0c	  field	  

•  Add	  decay:	  
– Transverse	  decay	  

– Longitudinal	  decay	  

d �M

dt
= γ �M(t)× �B
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(Mxx̂+My ŷ)



•  Longitudinal	  relaxa0on	  
– Energy	  exchange,	  change	  in	  
–  	  Relaxa0on	  toward	  thermal	  equilibrium	  
– Time-‐scale:	  T1	  

•  Transverse	  relaxa0on	  
– Decay	  of	  transverse	  components,	  
– Loss	  of	  coherence,	  dephasing	  	  
– Time-‐scale:	  T2	  <	  T1	  

•  Interac0on	  with	  spin	  bath	  
•  OQen	  non-‐Markovian	  (super-‐exponen0al	  decay)	  

�Iz�

�Ix,y�



•  At	  room	  temperature,	  the	  equilibrium	  state	  is	  
highly	  mixed	  

•  Only	  the	  devia0on	  from	  iden0ty	  gives	  rise	  to	  
the	  dynamics	  and	  the	  signal	  

ρ = e−βH/Z ≈ 11
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•  Oscilla0ons	  driven	  by	  internal	  Hamiltonian:	  

	  

– T2-‐	  decay	  of	  signal	  
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•  Fourier	  Transform	  of	  FID	  gives	  the	  spectrum	  

•  FWHM	  =	  1/πT2	  
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•  Simple	  sequence	  “inverts”	  the	  arrow	  of	  0me	  
– Spins	  precess	  at	  different	  frequencies:	  dephasing	  
– π	  pulse	  inverts	  the	  speed:	  spins	  are	  refocused	  

π/2 π 

t 

τ τ 



π|y	   π|y	  

•  Spin	  echo	  works	  for	  quasi-‐sta0c	  fields	  
–  If	  noise	  varies	  in	  0me,	  refocusing	  is	  not	  perfect	  
– To	  look	  at	  longer	  0mes:	  keep	  applying	  π-‐pulses!	  

– Carr-‐Purcell	  sequence	  
• With	  Meiboom-‐Gill	  trick	  to	  correct	  pulse	  errors	  

τ/2	   τ/2	  τ	  

n	  

π/2|x	   π|x	   π|x	  



•  Goal:	  modulate	  internal	  Hamiltonian	  to	  create	  
effec0ve	  interac0on.	  	  
– E.g.	  :	  to	  refocus	  interac0on	  with	  environment	  

	   	  	  
– Toggling-‐frame	  Hamiltonian	  

– Averaged	  Hamiltonian	  	  

H ∼ Iz → H(t) = UrfHU†
rf

τ/2	   τ/2	  τ	  
n	  

Iz −Iz Iz

1

2
Izτ − Izτ +

1

2
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•  Two-‐spin	  Hamiltonian	  
–  In	  the	  toggling	  frame:	  

the	  Hamiltonian	  becomes	  on	  average	  

	  

•  Refocusing	  of	  internal	  couplings	  
	   	  	  

x	   y	  

Hzz ∼ 3Ii,zIj,z − Ii · Ij

HxxτHyyτHzzτ

H̄ =
1

3
(Hxx +Hyy +Hzz) = 0



•  AHT	  gives	  rule	  for	  quick	  calcula0on	  of	  
effec0ve	  average	  Hamiltonian	  
–  It	  helps	  in	  designing	  pulse	  sequences	  

•  Effec0ve	  Hamiltonian	  from	  Magnus	  expansion	  

U = e
−itH̄ = exp{−it[H̄(0) + H̄

(1) + H̄
(2) + . . .]}
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•  Condi0ons:	  
–  	  Hrf	  cyclic:	  	  	  	  	  	  	  	  	  	  Urf(tc,0)=	  ±	  1	   	  	  
–  	  Hrf	  periodic:	  	  	  	  	  	  Hrf(t)=Hrf(ntc+t)	  
–  tc|Hint|≈	  tc	  ω	  <<	  1	  (convergence	  condi0on)	  
– Stroboscopic	  observa0on	  at	  t=ntc	  

•  Advantages:	  	  
– Evolu0on	  at	  t=ntc	  is	  determined	  by	  the	  average	  
Hamiltonian	  over	  1	  cycle.	  

–  	  Toggling-‐frame	  Hamiltonian	  coincide	  with	  lab-‐
frame	  

 Urf(Ntc,0)=  1 



•  Pulse-‐width	  error:	  Hδ	  =	  -‐(±	  δ±x/tw)Ix	  

•  B1	  inhomogenei0es	  for	  ith	  nucleus:	  Hεi	  =	  -‐(±	  εi/tw)Ix	  

•  Phase-‐misadjustement	  error:	  	  Hp	  	  =	  -‐(±	  ϕ	  ±x)Iy	  

•  Pulse	  transients	  error:	  HT	  	  =	  -‐	  ωT(t)Iy	  

•  The	  errors	  can	  be	  included	  in	  the	  internal	  
Hamiltonian	  to	  calculate	  their	  effects	  



•  Higher	  orders	  and	  pulse	  errors	  can	  be	  
corrected	  by	  symmetrized	  sequences	  
– Solid-‐echo	  sequence:	  

– WAHUHA	  (Waugh	  Haeberlen	  Hahn)	  

	   	   	   	   	   	  :	  all	  odd	  terms	  are	  zero	  

x	   -‐y	  

HxxτHyyτHzzτ

-‐x	   y	  

Hyyτ

x	   -‐y	  

HyyτHzzτ Hxx2τ Hzzτ

H(t) = H(tc − t)



•  Build	  symmetrized	  sequence	  from	  basic	  units	  
–  For	  example,	  MREV-‐8	  repeats	  the	  basic	  WAHUHA	  cycle	  twice	  with	  the	  

x	  pulses	  reversed	  in	  phase.	  	  This	  removes	  the	  effects	  of	  rf	  
inhomogeneity,	  since	  toggling	  frame	  terms	  in	  Iz	  are	  inverted	  during	  the	  
second	  half	  

•  Dynamical	  decoupling	  
–  Periodic	  DD	  (repeat	  basic	  sequence)	  
–  Concatenated	  DD	  (nest	  basic	  sequence)	  
–  Op0mal/Quadra0c	  DD	  (op0mized	  for	  a	  given	  noise	  spectrum)	  



•  Dipolar	  Hamiltonian	  

•  Control:	  mul0ple-‐pulse	  sequences	  to	  refocus	  
or	  manipulate	  the	  dipolar	  Hamiltonian	  

•  Mul0ple	  Quantum	  Coherences	  
– |s〉〈r|,	  coherence	  order	  n=r-‐s	  

•  r+s+q=m-‐spin	  state.	  
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•  Mul0ple	  Quantum	  Coherences	  order	  n	  :	  
– n=ΔM,	  difference	  in	  Zeeman	  quantum	  number	  
between	  any	  two	  states	  in	  a	  coherent	  
superposi0on.	  

–  In	  terms	  of	  single	  spin	  Pauli	  operators	  :	  
	  

•  Indirect	  observa0on	  of	  correla0ons	  among	  
spins	  
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•  Directly	  observed	  ~50	  coherences	  
– Much	  larger	  number	  of	  spins	  involved.	  

	   	   	   	   	   	   	   	   	   	   	  CaF2 	  	   	  	  

.303 ms	


Coherence order 
0	   20	   40	  2	  0	  4	  0	  

H.	  Cho,	  et	  al.	  Phys.	  Rev.	  B	  ,	  72,	  054427,	  (2005)	  



•  Magne0c	  resonance	  has	  a	  long	  history	  
– and	  a	  lot	  of	  acronyms!	  

•  Strengths: 	  	  
– Simplicity	  of	  (basic)	  Hamiltonian	  
– Complexity	  of	  full	  systems	  	  

	   	   	   	   	   	   	  (e.g.	  solid	  state,	  relaxa0on)	  
– Control:	  

	   	  Many	  schemes	  to	  manipulate	  quantum	  evolu0on	  
	   	  (somebody	  already	  did	  it	  50	  years	  ago!)	  
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