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Lecture 3: More complex situations Stephen J. Blundell
University of Oxford

Quantum mechanics explains more exotic states

• Muonium can be anisotropic
• Dipolar coupling to nuclei leads to other muon-coupled states
• Level crossings
• Fluorine states
• Muon sites

S. J. Blundell, Chem. Rev. 104, 5717 (2004)



S. J. Blundell, Contemp. Phys. 40, 175 (1999)

B. D. Patterson, Rev. Mod. Phys. 60 , 69 (1988) B. D. Patterson, Rev. Mod. Phys. 60 , 69 (1988)



z

x

Bz|B|

Dipole field at muon-site ith moment

Dipole fields

z

x

Bx|B|

Dipole field at muon-site ith moment

Dipole fields



Level crossing

S. J. Blundell, Chem. Rev. 104, 5717 (2004)

F-
µ+

F-μ-F state

F=small, high 
nuclear moment,

very electronegative

and very sensitive to 
• r, 
• r1/r2
• !

The F-µ state
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The F-µ-F state
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Simulating the F-µ-F state
Density matrix:

Muon polarization:

Polycrystalline average:
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state found in many ionic fluorides [first by Brewer et al., 

Phys. Rev. B 33, 7813 (1986)], and also teflon (PTFE)

The F-µ-F state

F. L. Pratt et al., Physica B 326, 34 (2003),
See also T. Lancaster et al., JPCM 21, 346004 (2009) S. J. Blundell in preparation

CuF2(H2O)2(pyz)

T. Lancaster et al. Phys. Rev. Lett. 99, 267601 (2007)

Case 1: Interaction with a single fluorine ion



[CuNO3(pyz)2]PF6

T. Lancaster et al. Phys. Rev. Lett. 99, 267601 (2007)

Case 2: Crooked FµF bond close to a PF6
- ion

[Cu(HF2)(pyz)2]X

T. Lancaster et al. Phys. Rev. Lett. 99, 267601 (2007)

Case 3: Interaction with a HF2
- ion

Tc=13.95(3) Kwd = 2p x 0.211(1) MHz
F-µ separation 1.19(1) Å.  

Magnetism and muon sites in Cs2AgF4

T. Lancaster et al. Phys. Rev. B 75, R220408 (2007)

b=0.292(3)

Magnetism and muon sites in Cs2AgF4

T. Lancaster et al. Phys. Rev. B 75, R220408 (2007)

Twice as many sites in [CsF] planes as [AgF2] planes.
F-µ separation 1.19(1) Å.  F ions close to Ag shift by ~0.4 Å, i.e. the 
muon induces a non-negligible distortion (which we can measure!)

wd = 2p x 0.211(1) MHz
F-µ separation 1.19(1) Å.  



J. S. Möller et al., Phys. Rev. B 87, 121108(R) (2013)
[see also F. Bernadini et al., ibid 87, 115148 (2013)]
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