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In this experiment, Electron Paramagnetic Resonance (EPR) is used to study a deuterated Manganese-12 

Acetate (Mn12-Ac) sample in crystalline form. Hamiltonian mechanics is reviewed and the theory behind 

EPR is explained.  It is shown that the populations of different states within the crystal of Mn12-Ac can be 

controlled by waiting at certain magnetic fields.    

 

Introduction  

Single Molecule Magnets (SMMs) could have a significant influence in the 

information age.  They have possible applications as quantum memory devices as well as 

other quantum computing applications.  Single molecule magnets bridge the boundary 

between the quantum and classical scale.  Molecules with spin S=10 have 21 total spin 

states which approaches the classical continuous range for the spin projection.  Chemists 

can control the total effective spin of these molecules and the level of interaction between 

molecules in the crystal during the synthesizing process, making it very desirable for 

physicists to study them. 

We performed Electron Paramagnetic Resonance (EPR) spectroscopy.  Since our 

apparatus was not sensitive enough to study one molecule at a time, we studied a crystal 

to obtain general characteristics of the SMMs.  When aligned in a crystal, SMMs have 
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considerable anisotropy such that the spin prefers to will point in a certain direction.  If 

we put our single molecule magnets in a crystalline form all of the spin axes will point in 

one direction, which we called the ‘easy’ axis.  In our experiment we used different 

magnetic fields to control the populations of the SMMs in different spin states.    

 In our experiment we studied deuterated Manganese-12 Acetate (Mn12-Ac) 

[Mn12O12(CH3COO)16(H2O)4] *2(CH3COOH)*4(H2O) (Fig.1).  This molecule has the 

advantage that it is the most widely studied SMM.   

                                            
Fig.1. The core of Mn12-Ac.  The 
red atoms are Mn(III), the blue are 
Mn(IV), and the yellow are oxygen.

          

 

Energy States 

In any quantum system, the energy of a state is given by solutions to the Schrödinger 

equation: 

         (1) nnn EH ψψ =ˆ

where Ĥ is the Hamiltonian operator, ψn is the wavefunction of state n, and En is the 

energy of that state.  Here, n is used to label the various different allowed quantum states. 
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In SMMs, we use a spin Hamiltonian made up of different spin operators, S  and .  

The dominant axial symmetry in a SMM crystal eliminates other interactions apart from 

interactions with an external magnetic field.  Thus it makes sense that we would measure 

S by its projection in the direction of the external magnetic field (Fig. 2). 

ˆ
zŜ

                                                
Fig.2. Mn12-Ac has S=10, so |S|=[S(S+1)]1/2

and Ms has (2S+1) total possible projections.  

 

The spin Hamiltonian that we use has the form: 
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s remains a good quantum number.  We can simplify the Zeeman interaction 
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µ by applying the external field parallel to the z-axis of the crystal.  The Zeeman 

interaction then becomes , which avoids the off-diagonal terms that would 

make M
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s no longer a good quantum number.  To a first approximation, we can ignore the 
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weak off-diagonal terms, which we always do experimentally.  This gives us the energy 

levels as function of Ms and Bz: 
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Note that these terms cause mixing of states because they contain raising and lowering 

operators  and .  They are generally weak in comparison to the D  term or the 

Zeeman interaction, and only become significant at resonances between different levels.  

So, in a perfectly diagonal Hamiltonian, the different states would cross through each 

other (i.e. they would not interact and there would be no mixing).  Figures 3a and 3b 

show where only two states cross as the magnetic field increased. 

+Ŝ −Ŝ
2ˆ
zS

               

  Fig. 3a      Fig. 3b 
Level crossing with no interaction.   Level crossing with quantum tunneling 
      interaction. 
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If there are no off-diagonals terms, these levels do not interact at the crossing (Fig 3a).  

However, if there exist off diagonal terms, the new wavefunctions include two different 

states. 
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Away from the crossing c , , , and c .  As the magnetic field is 

swept through the crossing, the constants change so that at the crossing they are equal (i.e. 

11 =a 01 =−
ac 01 =bc 11 =−

b

2
1

11 == −
aa cc   and 

2

1 =a

1
11 == −
bb cc ).  As the magnetic field continues to sweep away, the 

constants reverse, so at high field c , c , c , and c .  The two states 

have interchanged (Fig. 3b).  This is the origin of recently discovered magnetic quantum 

tunneling, where a molecule in a state with M

0 11 =−
a 1=1

b 01 =−
b

s= +10 can evolve into a state with Ms= -10, 

i.e. opposite magnetization.  

  The details of these transverse interactions are not important for now, only that 

they exist and cause tunneling.  In our experiment, we examined these level crossings.  

The Landau-Zener effect is what governs the rate of mixing between the states.  If the 

magnetic field is swept through the crossing at a high rate, the molecules do not have 

time to mix and switch states.  However, if we sweep through adiabatically, the magnetic 

field at a value close to the strength where the levels mix, we can have some of the 

molecules mix between states, and there is a higher probability that they will come out of 

the mixing in a different state.  We vary the wait time and can see how many change state 

after a certain crossing.  It has been shown that the molecules in the crystal all have 

slightly different D values because of the width of the EPR peaks [1].  In theory, this 

means that waiting at a certain field for a fixed amount of time will cause some molecules 
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with a certain D value to tunnel faster than others.  This would be evidenced by gaps in a 

peak or different areas of the peak decaying faster than others. 

 

Hysteresis 

We can use our first order approximation in eq. (3) to draw a potential energy diagram 

for the different spin projections. 

                               Fig. 4. Potential energy 
diagram for Mn12-Ac. 

 

A potential barrier of approximate height  separates these two wells.  Below 

a certain temperature, called the blocking temperature, the molecules do not have enough 

thermal energy to move freely over the barrier.  This temperature is roughly 3K in Mn

2ˆ
zSD

12-

Ac.  Once below this temperature, the molecules will stay on one side of the potential 

once put in it.  Physicists can control the populations in each well by doing one of two 

things.  We can raise the temperature above the blocking temperature and then cool down 

slowly in the presence of a magnetic field [2], causing one state to be preferred over the 

other, or we can sweep to a high magnetic field while keeping below the blocking 

temperature so that all the spins are ‘tipped’ into one of the wells.  For this experiment we 
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used the latter method and achieved this by sweeping to +6T.  The molecule now displays 

hysteresis provided the temperature always remains below the blocking temperature.  We 

can see in Fig. 5 that the molecules are put in a +10 state when we sweep to -6T, and then 

sweeping up shows them making the +10 +9 transition.  Going to +6T puts the 

molecules in the   -10 state and sweeping down shows the -10 -9 transition. 

                         Fig. 5.  Magnetic hysteresis in the Mn12-Ac sample.

 

 For the molecule to relax it has to undergo tunnelling.  Two types of tunnelling 

happen in our sample.  Pure Magnetic Quantum Tunnelling (MQT) occurs when the 

molecule is in its ground state (+10 for Mn12-Ac) and tunnels to the other well.  

Thermally-activated MQT occurs when a molecule acquires enough thermal energy to go 

to an excited state within one meta-stable well and then tunnels to the other well.  The 

second type is easier and more quickly done because mixing is stronger as these wells are 

closer in Ms value to one another.  For Mn12-Ac, we believe the dominant term 

responsible for tunnelling is the 2nd order )ˆˆ(
2

22
−+ + SSE term.  The tunnelling between the 
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+10 and -10 states would then be proportional to (E/D)10.   Tunnelling between the +6 

and -6 states is more likely as its probability is approximately (E/D)6.  Because it has a 

much higher probability of occurring, thermal tunnelling can cause a molecule to relax 

fairly quickly.   

 Above the blocking temperature, our sample shows no hysteresis so we can see 

molecules making all possible transitions.  We checked the positions of the different 

transitions at 10 K and found them in agreement with values published earlier by Hill et. 

al. [3].  These are the first measurements done at higher frequencies, and set the values 

for the constants at , , and (Fig. 6). GHzD 62.13−= GHzB 0006.00
4 −= 000.2=zg

 

           

. 

 

 

Fig. 6. Allowed transitions for Mn12-Ac and their 
energies, as well as the constants found from the fit
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Equipment 

 In the Hill lab, we used a 17-tesla superconducting magnet from Oxford 

Instruments as well as a Quantum Design Physical Property Measurement System 

(QDPPMS).  Using vacuum pumps on the liquid helium, we could get the temperature as 

low as 1.5 K in the sample chamber for the Oxford Instruments and 1.7 K in the 

QDPPMS.  However, in the Quantum Design we experienced difficulties with the 

impedance, and our lowest stable temperature varied between 2.1 K and 2.3 K.  Once we 

achieved a stable temperature we could begin to take measurements.   

 We used a Millimetre-wave Vector Network Analyzer (MVNA) as a source and 

detector to do spectroscopy.  The MVNA allows us to compare the waves sent to the 

sample to a fixed detection signal to find information on the amplitude and phase of the 

source wave by comparing it to the detection wave.  This comparison gives us the amount 

of energy absorbed by the sample and the phase of the incoming signal compared the 

detection signal.  These two can become mixed, but because we measure them both it is 

easy to correct for the mixing.  The original signal is provided by a tuneable source from 

8-18 GHz.  This lock provides us with a tuneable signal that, by using different diodes to 

pick out multiples of the original frequency, we can tune to any frequency from 50 GHz 

and up.  We typically got good signals up to about 310 GHz in these experiments [4].   

 

Results 

1. We first initialized the system by cooling below the blocking temperature and 

sweeping to -6 T.  In our preliminary experiment, the Quantum Design PPMS 
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temperature control worked perfectly at keeping a stable temperature at 2 K.  We set the 

frequency to 268 GHz and swept to 1.5 and waited between 0 and 30 minutes.  As shown 

in Fig. 6, 1.5 T is near the resonance position for the ground state.  We cannot see the 

entire resonance, but we can get a good qualitative feel for the dynamics.  From this plot 

(Fig. 7), we can see the fine structure of the decline in population of the +10 state and 

corresponding growth in the -10 state.  We can also get a grasp of the slightly different D 

values of different parts of the crystal due to the large width of the resonance. Since we 

are at such a low temperature and totally in either the stable or metastable the ground 

state, the only transitions we should be able to see are one from the +10 +9 and -10 -9.  

Thus we can be assured that all the structure we see in these resonances is truly due to the 

molecules.  If we were to cool to still lower temperatures, we may see still more fine 

structure.   

 For waiting times from 0-30 minutes, one can see the decay of different molecules 

in the crystal.  Those with higher D values decay the fastest, as we can see in the diagram.  

This is shown by the quick decrease in the part of the resonance close to the stopping 

point and the symmetrical growth of the resonance in the negative field.  This single 

diagram gives us a good idea of the dynamics being undergone by this molecule.   
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2. Next, we decided to t

resonance is at zero field,

seconds, allowing tunnelin

population in the -10 state. 

tunneling because we have

observed a steady growth

exponential of the form I=y

 

Fig. 7. The decay of population in the 
+10 state depends on the waiting time
est the zero-field tunneling.  The first possible tunneling 

 so we swept to zero field and waited between 0 and 300 

g to occur.  We then swept back to -6 T and observed the 

 All population in this resonance must have been put there by 

 remained below the blocking temperature at all times.  We 

 of the population over this large time scale that fit an 

0+Ae-t/b with y0=0.20415, A=0.20378 and b=190.52288.   
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Fig. 8. MQT for different wait times. Fig. 9. Exponential fitting of the 

integrated intensity vs waiting time

 

3. In the same run performed for the quantum tunneling experiment, f=278 GHz, we also 

ran sweeps with different wait times as in experiment one.  We swept the magnet to 1.5 T 

with wait times from 0-30 minutes and then swept back to -6 T.  When we kept the 

temperature constant, we were able to see the decay of population in the -10 state as wait 

time increased.  There was a strong phase-amplitude mixing at this frequency, so we 

integrated under the phase peaks to get a plot of integrated intensity vs. wait time.  We 

can see it follows a smooth exponential decay; however, there exists a displacement y0.  

This could be from some molecules that decay much slower than others or a problem in 

the measurement of the area.     
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                      Fig. 10. Exponential fitting of the integrated 
intensity vs. waiting time for sweeps to 1.5 T. 

 

4.  We then performed the same experiment with sweeps to 1.3 T.  Again, strong phase-

amplitude mixing occurred.  We did get the same result with a slightly longer rate of 

decay.  This result is expected because the dynamics would happen slower at lower field 

values because we are not covering as many tunneling resonances. 

                       Fig. 11. Exponential fitting of the integrated 
intensity vs. waiting time for sweeps to 1.3 T.
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5. Finally, we varied the sweep rate of the magnet in a direct test of tunneling rate in the 

sample.  The faster the sweep through a tunneling resonance, the fewer are the molecules 

that will change their state.  We can directly see this in Fig. 12.  As the magnet sweeps 

through 0.9 T, where the second tunneling resonance occurs, we see a sharp drop in 

intensity.  This drop occurs because the molecules in the +10 state have rapidly tunneled 

out of it to the -8 state, so instead of a symmetric lineshape one sees the drop halfway 

through.  As the sweep rate gets slower, the drop-off sharpens. 

                      
 

 

 

This result is

about a factor
    Fig. 12. Sweeps up through the +10 to +9 resonance and their 
corresponding lineshape.  The n=2 tunneling occurs at about 0.9 T, seen
as a drop in absorption as the molecules tunnel out of the +10 state. 
 mimicked by the down sweeps (Fig. 13).  The intensities have fallen by 

 of ten between the sweep to 1.5 T and back, but we see that the left half of 
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the resonance has decreased faster than the right, again because the field is passing again 

through the n=2 tunneling resonance.   

                         Fig. 13. The +10 to +9 transition on a down sweep.  The left side of the 
peak decreases as it passes through the n=2 tunneling resonance again. 

 

 

Conclusion and Future Research 

 We have shown that at relatively long wait times the molecules follow an 

exponential decay.  This finding implies that MQT is a random process. It is our belief 

that using this technique we can see different subsets of the molecules in the crystal 

decaying.  We would like to study these different subsets and how they relate to disorder 

in the crystal as well as their different tunneling rates.  Most experiments until now have 

been focused on the changing magnetization as tunneling occurs, however this 

experiment lets us see which molecules are tunneling.   

 This is a novel way of studying SMM crystals, and there is no established 

technique for studying them.  More accurate results might be possibly obtained using 
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magnets with a faster sweep rate to take the data.  Using these magnets, the dynamics 

caused by the slower sweep rate of our magnet can be erased.  Lowering the temperature 

might also allow us to see more fine structure.  Due to problems with the temperature 

control, this experiment was only performed consistently to approximately 2.3 K.  This 

high temperature accounts for why we see the tunneling at zero field.  We could get to 

lower temperatures, we should not see any dynamics at zero field due to the very low 

tunneling rate between ground states; thus what is happening is thermally assisted 

tunneling, meaning that the temperature is higher than we want it.  We can see that much 

more work is to be done. 

 In conclusion, we do have a preliminary understanding of dynamics undergone in 

these tunneling experiments.  This is the first experiment of its kind, and it is our hope 

that this will become a much larger experiment to be studied.   
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