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“ electrons in flatland” 
GaAs/AlGaAs system provides nature’s perfect interface for: 



I 



Rxy = h/ie2 for  filling factor ν ~ i 

h/4e2 



Quantum Hall systems are examples of conducting insulators 
 Magnetic quantization creates a gap in the bulk of the 2D system 
 At the same time, there are gapless chiral edge states 
•Quantized Hall resistances are “Topological quantum numbers”  



Recent development 
 

•QHE is a topologically ordered phase (rather than a broken symmetry phase) 
because the quantized Hall conductance is a topological invariant.  
•A material that behaves as an insulator in its interior while permitting the movement 
of charges on its surface is a topological insulator 
•QHE is the prototype for topological insulators 
 

Recent development 



Some examples of insulators 

Band insulator 

Quantum Hall effect: 
Topological insulator 

QSHE: 
Topological insulator (w/ 
Z-2 topological order) 
(strong spin-orbit interaction) 
• Kane & Mele 



This talk:  
 
an unusual low-B zero-resistance state in the 2D electron system. 
 
 
Like the QHE zero-resistance state, this radiation-induced zero-
resistance state is an example of a conducting insulator at finite B! 
 
i.e., Rxx  0 and σxx 0 at the same time! 
 
 
But, there is no Hall quantization. 
 
Question: 

Broken symmetry phase or topologically insulating phase? 



R. G. Mani et al., Nature  420, 646-650 (2002)  
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New effect 
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Conditions for realizing novel zero-resistance-states in the 2DES 

1. A 2DES device 
2. Low temperature, ~ 1.5 K 
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1. A 2DES device 
2. Low temperature, ~ 1.5 K 
3. Weak magnetic field 
4. Low energy photons, f 

Conditions for realizing novel zero-resistance-states in the 2DES 

f 

j = 1, 2, 3… 



I I 

B ~ [4/(4j+1)] Bf 

1. A 2DES device 
2. Low temperature, ~ 1.5 K 
3. Weak magnetic field 
4. Low energy photons, f 

Conditions for realizing novel zero-resistance-states in the 2DES 

f 

Bf  = 2π f m*/e 

j = 1, 2, 3… 







Some names in the field: 
 
Experiment: 

Mani, Ramanayaka, Ye 
Zudov & Du, Hatke & Zudov, Yang 
Studenikin et al., 
Dorozhkin, Smet, vK; Andreev 
Weidmann et al. 
Konstantinov & Kono 

 
Crystal growers: 

Umansky, Wegscheider, Pfeiffer & West 
 
Theory: 

Ryzhii 
Durst, Sachdev, Read, Girvin,  
Andreev, Aleiner & Millis 
Shikin 
Vavilov & Aleiner 
Dmitriev, Mirlin & Polyakov; Khodas 
Inarrea & Platero 
Lei & Liu 
Mikhailov 
Halperin group 
Chepelianskii et al. 
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• Experimental details 
 

•  The basic zero-resistance effect 
•  Tilt field experiment: 2D orbital effect 
•  Temperature dependence: Activated transport 
•  Examine overlap of zero-resistance states and quantum Hall effect 
•  ZRS analogs in other 2D systems: e- on liquid helium  

 
•  Review of theories 

 
•  Conclusion 



Samples:  
•GaAs/AlGaAs heterostructures with 2.4 x 10 11 < n < 3 x 1011cm-2 and mobility  
7 x 106 <  μ < 20 x 106 cm2/Vs.  
•High field condition: ωC τ > 1 for B > 1 mT!! 
•Mean free path for electrons @ 1.5K: up to 200 microns. 
•Hall bars with W > 50 microns. mm-sized square shaped samples. Sub-mm 
Corbino rings. 
•Au-Ge/Ni and In contacts.   

 
Temperature:  

•0.5 < T < 4.2 K 
 
Radiation:  
Rectangular waveguide: 

•Linearly polarized microwaves  
•Power level ≤ 1mW over 135 mm2 
 

Circular waveguide: next talk 
 
  

Experiment 

I 

V 
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Characteristic magnetic field scales linearly with f 



Transport under photo-excitation at 240 GHz 



Diagonal resistance Rxx vs. inverse magnetic field, B 

• Oscillatory resistance nodes occur at integer values 
• Extrema shifted by ¼ cycle 
• Rxx ~ - sin(2πF/B) 
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Is this a 2D orbital effect? 
 
•Examine the effect of tilting the sample in the magnetic field. 
 
2D orbital effect should depend only on the ⊥ component of B  





Effect depends on B⊥ 
2D orbital effect 
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Temperature dependence suggests activated transport at the minima 

Activation plot 
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Activated transport at resistance 
minima is reminiscent of QHE case 
 
Mobility gap formation? 
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Is it possible to bring together the radiation-induced zero-
resistance states with the quantum Hall effect? 
    
 
 
 
 
 
 
 
 
 
What will happen to the two effects when they meet? 
 
How to bring the two-effects together? 

• Increase the microwave frequency, shift radiation-
induced magnetoresistance to higher magnetic fields 



dark 

w/ microwaves 



R. G. Mani et al., Phys. 
Rev. B 79 205320 (2009)  

Less power 

More power 

Power dependence 



Higher frequency, clear re-entrant IQHE under microwave excitation 

Different power levels 

Zero-resistance states overwhelm IQHE 

? 
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Is it possible to obtain zero-resistance states in other 2D electron systems: 
 
•Requirement: clean, high mobility 2D electrons/holes 
•Candidate: 

 Electrons on liquid helium 







Zero-conductivity states 
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Some questions: 
 
1) What is the mechanism that produces the radiation-

induced magnetoresistance oscillations ? 
 
2) How do zero-resistance states come about? 



Others      Chepelianskii et al., Mikhailov  



Radiation induced current through impurity scattering 

•Current depends on difference between forward 
and reverse DOS (in x-direction) 
•Theory suggests negative resistances 
 

•Strong role for impurities in theory 

A. C. Durst and Co. 



Another mechanism for obtaining resistance oscillations with radiation 



How to go from negative resistivity to zero-resistance? 



•Negative resistivity is unstable! 
 

•Assume: the resistivity is a function of current 
 

•Currents are setup such that the resistance 
vanishes 



Insulating bulk, 
Conducting edges 

Other approaches: 





Depletion/accumulation near 
contacts due to pondermotive 
forces 

Pondermotive force: a charged particle in an inhomogeneous 
oscillating field not only oscillates at the frequency of ω but also 
drifts toward the weak field area 



S. A. Mikhailov, PRB 83, 153303, 2011  
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Some examples of insulators 

Band insulator 

Quantum Hall effect: 
Topological insulator 

QSHE: 
Topological insulator 
(strong spin-orbit interaction) 
• Kane & Mele 

ZRS: conducting insulator 
Is it a topologically insulating 
phase or broken symmetry 
phase? 
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