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Landau Quantization - Density of states 
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d  is the Dingle factor 



Quantum (1/B - periodic) magneto-oscillations  

of transport coefficients 

(n+1/2)c=F 

strongly suppressed by temperature  

and long-scale potential fluctuations 

Shubnikov- de Haas 

oscillations 
Resonance oscillations 
resonance transitions between LLs  

nc=W 

• Magnetophonon oscillations (MPO)  

  [optical and acoustic MPO] 

• Magneto-intersubband oscillations (MISO)  

• Photoinduced (microwave) oscillations 

• Electric field induced oscillations 

W 

not related to F position, robust to 

temperature 

F 



Optical phonons: nearly dispersionless (constant frequency) 

V. L. Gurevich and Yu. A. Firsov, Zh. Eksp. Teor. Fiz. 40, 198 (1961) 
Prediction 

 

[1] S. M. Puri and T. H. Geballe, Bull. Am. Phys. Soc. 8, 309 (1963)  

[2] Yu.  A.  Firsov et al,  Phys. Rev. Lett. 12, 660 (1964) 

Detection: thermopower [1] and resistance [2] measurements, n-InSb 

constn phoptc  .



M. A. Zudov et al, PRL 86, 3614 (2001) 

J. Zhang et al, PRL 92, 156802 (2004) 
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PIRO (Phonon Induced  

Resistance Oscillations) 

Discovery of acoustic MPO in 2D systems 

high-mobility GaAs QWs 

Seebeck thermopower (phonon drag)  

skn Fc 2

Bloch-Gruneisen frequency 



Kinematics of (quasi)elastic electron  

scattering near the Fermi surface (circle) 
 

number of phonons participating in scattering  

and satisfying momentum conservation law: 

divergence at q=2k 
 

That is why 2kFs  is the resonance 

phonon frequency 

More details: 
1. Three acoustic phonon modes 

2. Phonon spectra are anisotropic (s depends on direction of phonon wave vector)   

3. Presence of the out-of-plane component of phonon wave vector  

O. E. Raichev, PRB 80, 075318 (2009) 

Origin of acoustic MPO in 2D systems 



A.T. Hatke et al,  

PRL 102, 086808 (2009) 

A.A. Bykov et al,  

JETP Lett. 81, 523 (2005) 

Survive elevated temperatures Up to 8 peaks are seen  

in ultrahigh quality samples 

m >107 cm2/V s 



ph 

nc=ph 

nc=D/ 

MPO 

MISO 

D 

D 

MPO in two-subband systems 

D ph 

Combined MPO nc= |ph m D/| ph= (kF1+kF2)sl 

phonon-assisted  

inter-subband 

phonon-assisted 

intra-subband 

elastic 

inter-subband 

F 



MPO in two-subband systems: experiment 

A. A. Bykov, A. V. Goran, and  

S. A. Vitkalov, PRB 81, 155322 (2010) 

MPO          MISO 

superposition  and  interference 

Theory: O. E. Raichev, PRB 81, 195301 (2010) 

phonon-assisted  

inter-subband scattering 

jc=ph 
kc=D/ 

resistance in high-density GaAs QW 

Quantum beats because of close frequencies D/ + ph and D/  ph 



However, 

 

distinct peaks of combined resonance are not seen because 

  

- subband separation is much larger than phonon energy 

- MISO dominate over MPO 

We have studied: 
 

MPO in thermopower of 45 nm wide two-subband quantum wells, 

directly compared experiment with theory 

 
- small subband separation (D and ph are comparable)  

- no MISO in phonon drag thermopower 

 

peaks of combined MP resonance are clearly observed 



Two-subband system in wide  

(45 nm) QW. Potential and  

wave functions are calculated  

self-consistently 
 

GaAs,   n=6.4x1011 cm-2 

MISO in resistance 

Period corresponds to D=1.07 meV 

MPO in two-subband systems:  

thermopower studies 



Single-subband (14 nm) QW 

Two-subband (45 nm) QW 

most prominent peaks:  
both D/ and ph are  

half-integer multiples of c 

(minima turn to maxima) 

V(B) – thermoinduced  

voltage as function of  

magnetic field 

nc= |ph m D/ | 

Arrows show positions of  

combined MP resonances 



Can acoustic MPO exist in 3D? 

Under Landau quantization, transitions with  

small qz=kz-k’z are the most efficient ones. 

 

Therefore, resonance scattering  

is effectively 2-dimensional. 

 

Therefore, resonance frequency in 3D 

exists for the same reasons as in 2D 

and is the same as in 2D  

Theoretically, yes 

However, the oscillations are very weak,  

it is difficult to observe them experimentally. 

O. E. Raichev, PRB 94, 121201(R) (2016) 

skn Fc 2



single-mode (LA) approximation,  

deformation potential interaction 

undamped 



Summary 

• Acoustic MPO in thermoelectric power of 2-subband electron 
systems have been observed.  
 

   Quantum theory of magneto-thermoelectric effect in such 
systems is developed. 

 
   Combined MP resonances are clearly identified. 
 
 
• It is shown theoretically that the acoustic MPO are not 

specific for 2D systems, they can be observed in bulk 
conductors as well. 

Thank you for the attention 


