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Ginzburg’  List of Outstanding Problems  
in Physics and Astrophysics 

#4 Two dimensional electron systems,  
#5 Metal-insulator transitions,  etc 

Motivation 
 

  Ground state of the 2D electron system in the 
presence of interactions and disorder. Particularly, 
spin arrangement  

 Experimental observation of a strong growth in spin 
susceptibility   with rs (F0

σ  → -1). Stoner instability ? 
 Lack of observation of any χ(T ) -dependence  



Possible ground 
sates:  
 
• Liquid(=metal)  
 

• Superfluid 
 

• Solid (=Insulator) 
 

Wigner crystal (AFM),  

SDW, CDW,  

Mott insulator (AFM) 

Individual strongly localized 
states (AFM) 

Paramagnetic Fermi-liquid 
Non-Fermi liquid 

Non-uniform states: 
WC bubbles + electron liquid 

Nematic phases, etc 

FM liquid 



Clean Very low density system: 
Wigner Crystal 

ferromagnetic 

rs~37  B. Tanatar and D.C. Ceperley (1989) 



Clean Very low density system: 
Wigner Crystal 

Very small  
energy difference! 

antiferromagnetic 

ferromagnetic 



Dirty System: 

S=0 

Antiferromagnetic coupling: Bhatt and Lee (1982) 



Strong growth in χ* ∝ m*g* with 
density lowering (growth of rs) 

V.M.Pudalov, M.E.Gershenson, H.Kojima, Phys.Rev.Lett. 88, 196404 (2002) 

n =7×1011см-2 

2 4 6 7 rs 

n =1×1011см-2 



Strong growth of F0
a  with  

lowering   n    (increase of rs) 

N.N. Klimov, D.A. Knyazev, O.E. Omel'yanovskii, V.M. Pudalov, H.Kojima,  
M.E. Gershenson, PRB 78, 195308 (2008) 
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The absence of T-dependence of  χ*∝ g*m* , 
measured from SdH oscillations   

×1011см-2 

×1011см-2 



Experimental Task:   
to measure the thermodynamic spin magnetization of 

electrons in  2D system in Si with a total number of spins 

108 - 109, in weak fields (B||<T) 

 

Samples – Si-MOSFET structures, µpeak=1-3 m2/Vs  
Density range  – (109 – 1012)/см2 



Experimental setup 
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Advantages Disadvantages 
•Measures thermodynamic 
magnetization 
•Accessibility of the “Insulating 
phase” 
•Low-field measurements 

•Measures                 , which is 
unknown  at small n;  
•Requires assumptions for the 
integration to reconstruct M 

/M n∂ ∂

B~ =0.03T,  6Hz 



Principle of the Measurements  
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dM/dn, expectations for the degenerate Fermi-gas 
(no interactions) 
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Earlier measurements. n = 1.5 1011 cm-2 
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O.Prus, Y.Yaish, M.Reznikov, U.Sivan, V.Pudalov, PRB, 67, 205407 (2003) 

 



New measurements: B<T, n= 1.5 1011 cm-2 
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dM/dn, expectations for a single spin 
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Raw data, low fields 
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Raw data 

J~10 



Total effective spin: fitting of the experiment with a 
theory 



dM/dn > μB 



Susceptibility   vs temperature 

∝1/T 



Sign change of dM/dn 
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Sign change of dM/dn 
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Conclusions 

 In the Insulating state of the correlated 2D electron system: 
spontaneous formation of the “nanomagnets” - spin droplets 
with a large spin S=2. 
 

 The low field spin susceptibility is strongly temperature 
dependent (1/T 2.5) even at high densities (n > nc) 
 

  The spin droplets are detected up to well metallic phase, 
coexisting with electron liquid 
 

 The spin droplets “melt” as density and/or temperature 
increases, remaining of a constant size 
 

  dM/dn changes sign as density increases. For T→ 0 this 
happens right at  n=nc 



Thank you for attention ! 





О чем не будет рассказано:  
орбитальный магнетизм 2D системы электронов и 

магнетизм в B⊥ поле 



Почему не видна Ферми-жидкостная поправка в 
спиновую восприимчивость ? 

A. Finkelstein, A. Shekhter, 2006) 

A. Chubukov, D. Maslov,  2009 



dχ/dn  versus  n        @T=1.7 -13K 
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Strong growth of γ2(T), 
indirectly obtained from RG-

analysis of the  ρ(T) data 
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D.Knyazev, V.Pudalov, I.Burmistrov, JETP Lett, 84, 780 (2006) 
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