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LF-μSR 

µ+= Local probe 

Implant 100% spin 
polarized muons 

B applied || to initial 
spin direction 

Spin evolves in 
local environment 

Evolution of 
polarization tracked 

Brewer, http://musr.ca  

B 

ωL = 135.54 MHz/T 

τ ≈ 2.2 µs 

Spin=1/2 
µ+ 
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LF-µSR on ZnGeP2:Mn: T=180 with BLF=1.0 kG 
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3 Components 

Faster: 1 →25+ us-1 

Slower: ~0.01 → 1.0 us-1 

Non-Rlx: λ < 0.01 us-1 

Asymmetry: ‘corrected’ average of counts 

 

 

 

Data: Shown 

P.W. Mengyan, et al., Unpublished data, ISIS, Dec 2012 
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Polarization Function 
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Fit Parameters:  
ji TA ,

       


0
dtPtP G

z

L

z 

For dilute alloys: 

ie: A. Schenk, Muon Spin Rotation Spectroscopy: Principles and 

Applications in Solid State Physics (Adam Hilger Ltd, Bristol, 1985). 
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B-Field at Mu+ Site 

Bloc = <Bloc> + δBloc  

       = Bext + Bdip + Bhyp + Bfermi + δBloc 

Bext = Applied External Field 
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= dipolar field -- sum of contributions from localized magnetic moments over whole crystal 

Bhyp = field from HF interaction;  

           short range magnetic interaction between μ+ and local magnetic moments near μ+ site 
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BFermi = Fermi magnetic field operators, i.e.: 

            Fermi contact interaction [magnetic interaction of μ+ & e spins for s & p e metals ] 

            RKKY – indirect exchange between μ+ and unpaired e via conduction e [d & f materials] 

            Transferred hyperfine field [μ+ & e  wavefunction overlap in insulators] 

Localized magnetic density contributing to Bloc via:  

1) classical dipole interaction 

2) RKKY [metals] or via hyperfine field [insulators] 

ν 

ie: A. Schenk, Muon Spin Rotation Spectroscopy: Principles and Applications […] (Adam Hilger Ltd, Bristol, 1985). 
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Practical Material: IIIVV2:Mn 

ZnGeP2:Mn 
•   Eg ≈ 2.0 eV & FM order above RT  
(Tc = 310K to 350K) 
Prime choice for spin-based devices 
 

CdGeAs2:Mn 
•   Eg ≈ .67 eV & FM order above RT 
(Tc=355K) 

 

Mn2+ Substitution: 
• Isovalent – Group-II 
• Double Acceptor – Group-IV 
• Light conc. of Mn2+ on IV 

Heavy conc. of Mn2+ on II  
AFM if Mn only on II 
 With Mn sub on IV sites, provides 
extra carriers, mix results in FM order 

 

V II 

IV 

μ+ 
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ZnGeP2:Mn – Preliminary results 
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B=3.75kG 0.81006

High quality, single crystal, P-type samples, doping <5% Mn → Dilute regime 

νAFM 

νPM 

?? 

P.W. Mengyan, et al., Unpublished data, ISIS, Dec 2012 

S. Cho, et al., PRL 88 (2002) 257203 NOTE: Lines only guide for the eyes 
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ZnGeP2:Mn – Preliminary results 
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P.W. Mengyan, et al., Unpublished data, ISIS, Dec 2012 
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Future Work 

Additional data fitting & theoretical modeling 
→ Develop model designed specifically for these DMS systems 
→ Reanalyze data with new model, extract fluctuation rates, 
energies, etc 

These measurements supplementary to additional work to 
characterize internal field properties and characteristics, ie: 
→ distribution 
→ structure 
→ dynamics  
→ how magnetism carried/transferred throughout DMS 
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Thank you 

Questions, Comments, etc? 

Spring APS Texas Section Meeting: 22-24/Mar/2012 
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B-Field at Mu+ Site 

Bloc = Bext + (B’dip + BLor + Bdem + δBdip) + Bhyp 

Bext = Applied External Field 

Bdip 
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= dipole field expressed as sum of contributions from magnetic moments over whole crystal 

B’dip = Sum of fields from within Lorentz sphere centered at μ+ site 

            sphere taken to be large enough to allow Bdip sum to converge 

BLor = Field from charges on surface of Lorentz sphere, ie:  LorLor MB
3

0

MLor = vector sum magnetic moments inside sphere per unit volume 

Bdem = Field from charges on the surface of sample, ie:  
measdem NMB 0

N = Demagnetization tensor ; Mmeas = Bulk magnetization of sample 

δBdip = Fluctuating component of dipolar field contribution 

Bhyp = field from HF interaction;  

           short range magnetic interaction between μ+ and local magnetic moments near μ+ site 
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Experimentally Accessible Analog to Hydrogen 

Muon Proton 

Mass (mp) 0.1126 ≈ 1/9 1 

Spin ½ ½ 

Gyro. Ratio,  

γ (s-1 T-1) 

8.51607 x 108 

≈3.2 x γP 

2.67520 x 108 

Lifetime, τ (μs) 2.19709 Stable 

Muonium Hydrogen 

Red. e- mass (me) 0.995187 0.999456 

G. S. Radius (Å) 0.531736 0.529465 

G. S. Energy (eV) -13.5403 -13.5984 

B.D. Patterson, Rev. Mod. Phys., 60, (1988) 1 
Brewer, http://musr.ca   
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Why μ+? 

Muon Proton 

Mass (mp) 0.1126 ≈ 1/9 1 

Spin ½ ½ 

Gyro. Ratio,  

γ (s-1 T-1) 

8.51607 x 108 

≈3.2 x γP 

2.67520 x 108 

Lifetime, τ (μs) 2.19709 Stable 

Muonium Hydrogen 

Red. e- mass (me) 0.995187 0.999456 

G. S. Radius (Å) 0.531736 0.529465 

G. S. Energy (eV) -13.5403 -13.5984 

Brewer, http://musr.ca   

B.D. Patterson, Rev. Mod. Phys., 60, (1988) 1 

 

µ+ ~ p+ 

mµ≈1/9 mp 

mµ≈207me; S=1/2 

Local probe 

Mu0 = µ+ + e¯ 

Mu0~light isotope H  
ie: Early history of H impurities 
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TF-µSR 

Field applied ┴ to initial  spin 
polarization  
→ µ+ spin precession about 
applied field at: 

νμ+ = γμ x |B|   |γμ = 135.54MHz/T 

Mu0 = µ+ +  e-  
→ spin-orbit coupling 
→ affects local field of µ+ 
→ diff prec. Freq for:  
  |↑µ> + |↑e> & |↑µ> + |↓e>  

Brewer, http://musr.ca  B.D. Patterson, Rev. Mod. Phys., 60, (1988) 1 
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TF-µSR: Sample signal from relaxing µ+ 

Brewer, http://musr.ca  

     cosP t G t
 
   B

Envelope, G(t) 
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LF-μSR 

B applied || to µ+ spin pol. 
See time evolution of P(t) 
along original direction 

=> Change in Spin P(t) from: 
1) local environment (nearby 
nuclear moments) 
2)  muonium motion  
(e- spin-flip w/ each site 
change, transferring back to 
µ+ contributing to ∆ P(t) ) 

Brewer, http://musr.ca  
R.F. Kiefl, R. Kadono, et al., Phys Rev Lett, 62 (1989) 7 
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RF-μSR 

Start with LF setup 

Oscillating field applied 
to drive transitions 
between Zeeman level(s) 

Brewer, http://musr.ca  

Picture: J. Lord, RF-µSR and Pulsed Techniques,  

http://www.isis.stfc.ac.uk/groups/muons/muon-training-school 
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ZF-μSR 

No net B applied  
See time evolution of P(t) 
in natural environment 

=> Change in Spin P(t) 
from: 
1) local environment 
(nearby nuclear moments) 
2)  µ+ motion 

Brewer, http://musr.ca  
R.F. Kiefl, R. Kadono, et al., Phys Rev Lett, 62 (1989) 7 
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Practical Material: IIIVV2:Mn 

ZnGeP2:Mn 
•   Eg ≈ 2.0 eV & FM order above RT (Tc 
= 310K to 350K) 
Prime choice for spin-based devices 
 

CdGeAs2:Mn 
•   Eg ≈ .67 eV & FM order above RT 
(Tc=355K) 

 

Mn2+ Substitution: 
• Isovalent – Group-II 
• Double Acceptor – Group-IV 
• Light conc. of Mn2+ on IV 

Heavy conc. of Mn2+ on II  
AFM if Mn only on II 
 With Mn sub on IV sites, provides 
extra carriers, mix results in FM order 
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Polarization Function 
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