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Meerschaut and Rouxel 
Journal of Less-Common Metals 39 (1975)197 

Solid State Communications 20(1976) 759 



Non-linearity 
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Adv. in Physics: 61 (2012) 325 



Frequency-dependent conductivity in NbSe3 

G.Grüner et al., PRL 45 (1980) 935 

CDW pinned mode 



Interference effects of the charge-density-wave motion in NbSe3 
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JCDW = ne vdrift 

Assuming the pinning force to be periodic with the CDW phase 

Grüner and Zettl 



Quantum interference of a moving vortex lattice in Al films 
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A.T. Fiory, PRL 27 (1971) 501 



Weak versus strong coupling 
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K. Rossnagel, J. Phys.:Condens.Matter 23(2011) 213001 



• CDW motion in 1D systems is observed with the applied electric field 
parallel to the incommensurate component of the modulation Q vector 
 

• What about the effect of a transverse current?. 
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Transversely Driven Charge-Density Waves and Striped Phases of 
High-Tc Superconductors: The Current-Effect Transistor  
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We show that a normal (single particle) current density J
x 

transverse to the ordering wave vector 
2k

F
zˆ of a charge-density wave (CDW) has dramatic effects both above and below the CDW depinning 

transition.  

Radzihovsky and Toner PRL81, 3711 (1998) 



Tunable Charge-Density Wave Transport in a Current-Effect 
Transistor  

 

ECRYS 2017 14 

The collective charge-density wave (CDW) conduction is modulated by a transverse 
single-particle current in a transistorlike device. Nonequilibrium conditions in this 
geometry lead to an exponential re- duction of the depinning threshold, allowing the 
CDWs to slide at much lower bias fields. The results are in excellent agreement with a 
recently proposed dynamical model in which “wrinkles” in the CDW wave fronts are 
“ironed” by the transverse current. The experiment might have important 
implications for other driven periodic media, such as moving vortex lattices or 

“striped phases” in high-T
c 

superconductors. 

Markocic et al. PRL84, 534 (2000)  
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Markocic et al. PRL84, 534 (2000)  
 



Convective term 
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Markocic et al. PRL84, 534 (2000)  

Calculation of the damping coefficient from the microscopic theory show 
that the effect is orders of magnitude smaller (contribution of holes and 
electrons nearly annihilate) 
The effect can also be caused by geometric effects due to the high 
anisotropy of conductivity Artemenko et al., PRL22 (2000) 5184 



Transverse injection inhomogeneity and reduction  
of the threshold field 
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A. Ayari and PM, PRB 66 (2002) 235119 
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A. Ayari and PM, PRB 66 (2002) 235119 



Sliding of the unidirectional CDW in 2D TbTe3 
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Next talk in this session: A.A. Sinchenko et al. 



Hall bar geometry 
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The current is forced into the transverse channel. 
Resulting Hall voltage in chains direction x reaches 3mV. 
Electric field Ex created to oppose the Lorentz force upon moving normal 
electrons can exceed the depinning threshold for the host CDW. 



ECRYS 2017 21 



Non-linearity in the I-V along the channel 
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Threshold appears only at high B>8T and low T<25-30 K 

Sharp threshold in I-V like for the best sliding but with the opposite sign:  
the drop of conductivity 
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Threshold current It ∝ Lx  - the channel width,  
but does not depend on the channel  length Ly. 

It∝ 1/B → threshold is originated by the  
Hall voltage VH ∝ IB in chains’ direction 
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Depinning and sliding of the CDW 
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The mutual orthogonal magnetic field and the bias current, both lying in  
transverse interchain directions, produce the Hall voltage Vx in the chain 
direction. 
 
The Hall electric field is EH = Vx / W = RHIB / (DW) where RH is the Hall 
constant, D the sample thickness. 
 
The threshold current It corresponding to the critical Hall electric field Eht  is: 
 
It = Eht WD / (RHB) α W/ B as experimentally observed. 

The value of Vx is directly measured using Hall probes  yields Eht = 0.3 V/cm 
at B=20T and T=4.2K right scale of threshold fields at low T 



Shapiro steps 
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Shapiro steps are seen for frequencies f up to 3GHz. They are quantized in 
ΔV (superconductors) rather than in ΔI - CDW 

The position of fundamental Shapiro step is proportional to the length of the 
bridge and also is proportional to the external frequency , but not on the 
thickness  or the width of the bridges 
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ΔV/f = 12.5mV/GHz for 1μm of the structure length  
 

From the structure the number of chains for a length of 1μm:  
     Nc(1μm) =641x2 chains 
 
then     ΔV/(Nc f) = 10μV/GHz  
to be compared to the superconducting Josephson relation ΔV/f = 2.5μV/GHz 
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How the depinning works since there are no electrodes along the chain 
axis and then the total curent is zero in x direction 

The collective current Jc carried by the CDW sliding 
 is compensated by the counter-current of remnant carriers driven 
by the Hall voltage. 
 

The non-linearity found for structures oriented across the chains is completely 
different from the non-linearity that has been observed many years ago along 
the chains related with CDW depinning and sliding.  
 
The non-linearity along the chains corresponds to an increase of conductivity 
above the threshold voltage, while the conductivity across the chains drops 
down above the threshold current 



Interpretation 
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Under the HMF but at no applied current, the carriers are distributed homogeneously 
 forming a fractionally (ν < 1) filled quantized state. (The value of ν < 1 is estimated as 

 ν ≈ 0.5 − 0.1 at B = 20T. When the transverse current is  Jy applied, the 
 Lorentz force in x direction appears pushing the carriers orbits towards one end ( 
 chosen as x = 0) until the charge redistribution gives rise to the compensating Hall field Ex. 
 
 The first key peculiarity with respect to conventional Hall setup is the presence of the 
 CDW background with its gigantic polarizability, estimated here as ε ∝ 10 power 6. 
The screening by displacements of the CDW phase φ ∝ εEx

x 
allows for a strong 

 redistribution of the electronic density up to (in the T = 0 limit) the complete 
 charge segregation when all carriers occupy, with the maximum filling 1, a segment l = νLx

  of the chain length Lx
 
, thus forming here the IQH state while leaving the segment (1 − ν ) Lx

 
 unoccupied. 

The interpretation and the modeling consider the deformable CDW in 
a restricted geometry for the quantum limit of remnant carriers.  
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The electric field accompanying such a charge separation easily 
exceeds the pinning threshold for the CDW sliding. 
 
The modeling shows that the depinning propagates into the nominally 
pinned central region via sharp walls. 
 
 The resulting picture is that of compensated collective jc and normal 
jnx pulsing counter-currents driven by the Hall voltage. 
 
The appearance of jnx gives rise to the secondary Hall voltage, now in 
the y direction, which persistent part is registered as a sharp threshold 
in the I-V characteristics while the periodic part gives rise to Shapiro 
steps. 
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Allowance for the CDW sliding current Jc brings about the normal 
counter current Jx=-Jc. The Lorentz force component appears in y 
direction giving rise to the additional voltage Vy.  
The current per chain is (written for low T):jx  = e2/h Δvy(x) 
where Δvy(x) is the main interchain voltage drop 
 
The CDW counter-current per chain is jc = -edtϕ / π and requires phase 
slips to annihilate with the normal current jx near the boundary. 
If each phase slip absorbs/releases M electrons per chain, then the 
repetition frequency is 

Josephson type relation with the additional factor M 
approximately 4 
Phase slip appears as a spacio-temporal supervortex with the 
M-fold circulation 



Modeling 
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There are three different regimes which will be modeled by two sets of equations:  
1. Formation of the inhomogeneous distribution in presence of the pinned CDW;  
2. Depinning and its propagation;  
3. Sliding regime with periodic phase slip process.  
 
The first two regimes can be considered at a nominal constant amplitude A of the CDW  
while the third one requires to allow for amplitude nodes to be formed in the centers 
of the phase ' vortices.  



Numerical modeling 
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The numerical modeling is performed on the bases of the time-dependent GL approach 

Guess for the pinning force Fp(ϕ) as a  
function of  the phase ϕ  displacement 
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E ∂tϕ 

f(x,t) 

t 

x 

t 
x 

x t 

Two fronts of the propagating depinning  
collide giving rise at higher t to the 
stationary moving depinned state with 
essential but smooth variations over the 
length.  
Phase velocity shows a strong, very narrow 
in time peak at the collision.  
Interpretation: electric fields  
(created by electrons' redistributions near 
the boundaries) exceed the threshold field 
while the bulk is still below that.  
The depinning penetrates into the pinned 
region by propagating sharp fronts of the 
electric field.  



Generation of periodic phase slips (1)  
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= 0 

Poster S. Brazovski –ECRYS 2017 



Generation of phase slips (2) 
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Spatio-temporal evolution with periodic phase slips 

phase ϕ(t, x)/π) amplitude A(t,x) 

x 

t 
t 

x 

A 
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Conclusions 

The combination of the FIB fabrication of microscopic devices, application of a 
high magnetic field, and the modeling has allowed to identify the never seen 
regime of two-fluid quantum magneto-hydro-dynamics with compensated 
collective and normal conduction in the frame of the QH regime. 
 
The basic ingredient of this highly nonlinear and nonstationary regime is a 
sequence of periodic phase slip processes providing the annihilation of the  
normal and the collective currents.  
 

-Bias current Jy flowing through the sample generates the Hall voltage Vx that  
causes the redistribution of electron density in x direction 
 
-When the resultant electric field Ex overcome the threshold, the CDW along 
 the chain axis starts sliding. The collective current Jc carried by the CDW sliding 
 is compensated by the counter-current of remnant carriers 
 
-The Lorentz force for the counter current causes the inter-chain voltage 
drop in y direction, leading to the nonlinear behavior of conductance (sharp 
decrease of conductance at the threshold) 
 
-The counter current disappears at the boundary of the sample. The annihilation  
of the current requires the phase slip of the CDW, which causes the periodic 
 absorption and release of carriers (this is the origin of the Shapiro-steps-like response). 
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