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Abstract. This work summarizes the results of series of works devoted to the study of 

the mechanisms of low-temperature conduction and photoconduction in the Peierls 

conductor orthorhombic TaS3 (o-TaS3). We used the tools we discovered to change 

the relationship between the single-particle and collective components of low-

temperature photoconduction and conduction in o-TaS3 – illumination and uniaxial 

stretching of the sample. Using them, we were able to separate single-particle and 

collective contributions and show that the collective contribution dominates both low-

temperature conduction (T ≲ 100 K) and low-temperature photoconduction 

(T ≲ 45 K). In addition, the discovered analogy between the influence of illumination 

and stretching on low-temperature conduction and photoconduction made it possible 

to establish the dimension of charge density wave (CDW) pinning in samples of 

different cross-sections at low temperatures. It was found that for all samples, including 

bulk ones, one-dimensional pinning is observed at temperatures T < 40 K, and it also 

has a collective character.  

Key words: charge-density wave, non-linear conduction, collective conduction, 

solitons, photoconduction.  
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Introduction 

The appearance of a charge density wave (CDW) in quasi-one-dimensional 

(q-1D) conductors with decreasing temperature T leads to the emergence of unusual 

properties of these compounds at temperatures below the Peierls transition 

temperature, TP [1, 2]. The most striking of them is the presence of a collective 

mechanism of current transfer, caused mainly by CDW sliding in small electric fields, 

E, exceeding the threshold value, ET, which leads to strong nonlinear conduction. In 

addition, nonlinear CDW excitations solitons can also contribute to the collective 

conduction. The possibility of their existence in Peierls conductors was theoretically 

considered in [3, 4], and experimentally demonstrated in the study of NbSe3 using both 

scanning tunneling microscopy [5] and in an interlayer tunneling experiment [6]. 

In o-TaS3 (TP ≈ 220 K), already in the first work [7], it was discovered that the 

activation dependence of the Ohmic conduction G(T) in the longitudinal direction 

changes at low temperatures (T ≲ TP/2), and in the transverse direction remains 

unchanged over the entire temperature range, namely: the activation energy of 

longitudinal conduction at low T, ΔL, decreases approximately by half compared to the 

activation energy ΔP ≈ 800 K at TP/2 ≲ T < TP. The results were presumably associated 

with the appearance of solitons, whose activation energy is lower than the activation 

energy of quasiparticles. 

The ability to distinguish the contributions of single-particle and collective CDW 

excitations to low-temperature Ohmic conduction appeared with the discovery of tools 

for changing the relationship between the quasiparticle and soliton components of 

conduction, such as illumination of the sample and its uniaxial strain. In the first case, 

it is possible to increase the concentration of nonequilibrium quasiparticles by exciting 

them over the Peierls gap, which leads to an increase in Ohmic conduction, that is, to 

the appearance of photoconduction [8]. In the second case, additional solitons appear 
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because strain increases the degree of deviation of the CDW wave vector q [9] from 

fourfold commensurability, to which it approaches with decreasing temperature [10, 

11]. 

1. Effect of illumination 

By studying photoconduction in o-TaS3 [12], it is possible to separate the 

contribution of electrons and holes excited over the Peierls gap to low-temperature 

Ohmic conduction. The experimental methods and data processing are described in 

[12]. The results are shown in Fig. 1, which shows the temperature dependence of dark 

Ohmic conductance G(T) (upper curve) and a set of temperature dependences of 

photoconductance g(T), measured under modulated illumination at different 

illumination levels W. In the dependence G(T) below TP = 210 K one can see high-

temperature and low-temperature regions with activation energies ΔP = 800 K 

ΔL = 400 K, respectively. The temperature dependences of photoconductance g(T) have 

a characteristic maximum at T ≈ 60 K, which, as was shown in [12], separates the 

regions of linear and quadratic recombination of nonequilibrium carriers produced by 

illumination. The black straight lines in the g(T) dependences correspond to activation 

laws with a single activation energy Δτ = 1250 K. When each g(T) curve is normalized 

to the corresponding light intensity value W, they all “collapse” in the high-temperature 

part into one, which proves the existence of a linear recombination regime in this 

temperature region. This activation law g(T) is determined by the activation 

dependence of the lifetime of nonequilibrium current carriers τ ∝ exp(Δτ/kT), which 

explains why photoconduction is observed only at relatively low temperatures 

T ≲ 77 K. The circles indicate points at which the concentration of photo-exited current 

carriers is equal to the equilibrium concentration of carriers responsible for the 

photoresponse for the case of stationary photoconduction; at these points, the 

photoconductance g(T) is equal to the dark single-particle conductance Gqp(T). The 

straight line passing through them is the activation law with activation energy 

Δqp = 1250 K. This straight line visualizes the single-particle contribution to low-

temperature conduction. Since at T < 100 K the activation energy of single-particle 
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conduction Δqp is significantly greater than the activation energy of low-temperature 

Ohmic conduction ΔL, the single-particle conduction channel in nominally pure and 

spatially homogeneous o-TaS3 samples cannot be determinative at low T. It is shunted 

by an additional non-single-particle mechanism of low-temperature conduction 

associated with CDW degrees of freedom, and therefore low-temperature Ohmic 

conduction has a collective origin. 

 

Fig. 1. The upper curve (black dots) is the dark temperature dependence of the Ohmic 

conductance of o-TaS3 G(T). The arrow indicates the Peierls transition temperature 

TP = 210 K. The colored straight lines are activation laws describing the high-

temperature part of Ohmic conductance with activation energy ΔP = 800 K and its 

low-temperature part with ΔL = 400 K. The set of curves in the lower part of the 

figure shows the temperature dependences of photoconductance g(T) at different 

intensities of light W (top to bottom) 10; 4; 1.8; 1; 0.5; 0.28; 0.077; 0.038; 0.02; 

0.0082; 0.005; 0.0024; 0.0014; 0.00062; 0.00031; 0.00019 mW/cm2. The parallel 

black straight lines correspond to activation laws with activation energies Δτ = 1250 

K.  The circles indicate points corresponding to the dark single-particle conductance 

Gqp(T). The straight line passing through them — the activation law with activation 

energy Δqp = 1250 K —visualizes the dark single-particle conductance Gqp(T). 
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When studying the spectral characteristics of o-TaS3 [13, 14], no direct evidence 

of the existence of solitons was found. But in a few samples, when studying the 

photoconduction spectra [14], intragap states were discovered near the edge of the 

Peierls gap, depending on E and T, and their possible nature was associated with 

collective CDW excitations. These are the samples in which a “plateau” was observed 

on G(T) – a region of weakly varying conductance separating conductance regions with 

high and low activation energies. The nature of the plateau is not fully known. But, in 

our opinion, such G(T) dependences are inherent in samples subjected to special or 

random strain (see below). 

Table 1. Parameters of the studied thin samples  

Sample 

number 

Resistance 

at T = 300 K, 

R300 (kOhm) 

Sample 

length, 

L (μm) 

Cross-sectional 

area, 

S (μm2) 

# 1 430 340 0.002 

# 2 33.2 310 0.028 

# 3 95 700 0.022 

# 4 30.6 630 0.062 

# 5 19.5 910 0.14 

# 6 7 400 0.17 

 

Not only the conduction increases under illumination, but also the value of the 

threshold field ET [8] (see Fig. 2). The effect of illumination on ET was first discovered 

in blue bronze K0.3MoO3 [15], but the results were misinterpreted. Later, the discovery 

and study of photoconduction in relatively thin samples of o-TaS3 [8] (see Table 1) 

made it possible to discover a correlation between the values of the threshold field for 

the onset of CDW sliding and the Ohmic conductance ET ∝ G1/3 (see inset to Fig. 2). 

The increase in ET upon illumination is explained by a decrease in the CDW elastic 

modulus due to changes in screening conditions with the appearance of nonequilibrium 

current carriers [8]. The exponent α = 1/3 indicates the case of one-dimensional (1D) 

pinning [16] (which corresponds to the sizes of the studied samples). For two samples 

(# 1 and #5), a series of dependences of the conductance, G = I/V, on the voltage across 
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the sample, V, (see Fig. 2), from which the dependences of the threshold field on the 

Ohmic conductance VT(GT) were extracted, were systematically measured at different 

T over a wide temperature range.  

 

Fig. 1. Conductance of sample #1, G=I/V, as a function of sample voltage, V, at 

various illumination levels W at T = 41 K [8]. The inset shows the relationship 

between threshold voltage, VT, and Ohmic conductance G (measured at V = 100 mV) 

at different W.  

This made it possible to obtain a series of VT(GT) dependences for these samples 

at different T (Fig. 3) and to see that the exponent α for these samples does not change 

throughout the entire temperature range studied, including the region T > 40 K [17]. 

For the other four samples, a series of G(V) dependencies were studied only at several 

T and the VT(GT) relationship was not tested in detail for them.  
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Fig. 2. Relationship between threshold voltage, VT, and Ohmic conductance, 

GT = IT/VT, at various T for sample #5 [17]. Straight lines correspond to the power law 

ET ∝ G1/3. 

2. Effect of strain 

Before the appearance of work [18], the effect of strain on various properties of 

o-TaS3 was studied in many works [19, 20, 9, etc.], but all of them were carried out at 

temperatures above 77 K. In work [18], a study of the effect of strain was carried out 

not only on low-temperature conductance (both Ohmic and nonlinear), but also on 

photoconductance, which is also observed only at T ≲ 80 K. Comparison of the 

temperature and field dependences of low-temperature conductance and 

photoconductance of different segments of a single sample with different values of 

strain made it possible to show that the contribution from collective current carriers 

(most likely solitons) also predominates in low-temperature photoconduction (T ≲ 45 

K). In addition, they are also involved in changing the nature of CDW pinning. A 

detailed description of the structure under study, created on the basis of a high-quality 

o-TaS3 crystal, the method of its manufacture and the experimental technique are 

described in [18]. 
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This four-terminal structure is shown schematically in the inset of Fig. 4. The 

structure contains segment B with a specially created strain ε ≈ 0.5% and segment A, 

which serves as a comparison sample; no strain was specially applied to it. The 

conductances of the unstrained and strained segments are denoted GA(T) and GB(T), 

respectively, and the photoconductances are gA(T) and gB(T), respectively. All data are 

normalized to the corresponding room temperature conductances, G300. In this case, 

such normalization is analogous to normalization by the length of the sample. The text 

below always refers to the normalized values of G and g. 

Figure 4 shows the temperature dependences of the dark Ohmic conductance of 

the unstrained and strained segments of the sample, GA(T) and GB(T), respectively. At 

100 K ≲ T < TP, the activation energies of both conductances are close to 850 K. A 

noticeable difference between the curves, δG(T) = GB(T) – GA(T), appears at T ≳ 70 K 

in the plateau region connecting areas with high and low activation energies, the latter 

slightly differ from each other. With decreasing T, the increase in excess Ohmic 

conductance δG(T) caused by strain leads to the fact that at low T the value of GB 

exceeds GA by an order of magnitude. 

 

Fig. 3. Temperature dependences of normalized dark Ohmic conductances GA(T) and 

GB(T) (upper blue and red curves, respectively) and photoconductances gA(T) and 

gB(T) at different light intensities W (lower blue and red sets of curves, respectively) 

[18]. In the gray zone, the type of CDW pinning changes; in the yellow zone, a sharp 

change in ET(T) is observed. The inset shows a scheme of the structure under study. 
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The lower part of Figure 4 shows the temperature dependences of the 

photoconductances of the segments at different illumination levels W. For segment A, 

the observed behavior of gA(T) is usual: а sharp activation increase in 

photoconductance up to T ≈ 60 K, then a smooth decrease with decreasing T. For the 

strained segment B, one can see a qualitative change in the curves: a new maximum 

appears at T ≈ 30 K. As a result, at T ≲ 30 K, a tenfold excess of gB(T) over gA(T) is 

observed for all W. Above T ≈ 45 K, the difference between gA(T) and gB(T) becomes 

barely noticeable. In the region of activation dependence, the curves practically 

coincide. 

Figure 5 shows the dependence of conductance G=I/V on the electric field. For 

segment A they have a normal appearance. When strained, additional conductance 

δG(T) appears already at E → 0, i.e., Ohmic conductance increases. In addition, ET also 

increases; the sharpest increase in ET is observed in the range 60 K ≲ T ≲ 70 K. One 

can see that ETB > ETA for all T. Thus, in its manifestations, the strain effect is in many 

ways analogous to the effect of illumination. 

 

Fig. 5. Dependences of normalized conductances on the electric field for both sample 

segments GA(E) (circles) and GB(E) (crosses) at different T. Squares mark the values 

of ETA (blue) and ETB (red).  
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Field dependences of photoconductance without strain gA(E), presented in Fig. 

6 have the usual form [21]. The onset of a sharp decrease in gA(E), is caused by the 

acceleration of carrier recombination with the onset of CDW motion at ETA
* [8] (where 

ETA
* is the threshold field for the onset of CDW motion in segment A under 

illumination). Strain leads to an increase in photoconductance already at E → 0. In 

addition, ETB
* also increases. 

 

Fig. 4. Dependences of photoconductances on the electric field for both sample 

segments gA(E) (circles) and gB(E) (crosses) at low T. Stars mark the values ETA
* 

(blue) and ETB
*
 (red).  

A detailed analysis of the results obtained [18] shows that at low T, the increase 

in photoconductance caused by strain is proportional to the change in conductance. As 

was shown in [12], during collisional recombination, which occurs in unstrained 

o-TaS3 samples [12], an increase in the carrier concentration at T, W = const should 

accelerate relaxation, reducing photoconduction. I n our case, the effect is the opposite 

– strain leads to a consistent increase in conductance and photoconductance: in Fig. 4, 

all red curves are above the corresponding blue curves at T ≲ 60 K. The difference 

becomes especially noticeable at T ≲ 45 K. 

The effect can be explained by analogy with [12], if we assume that the 

contribution to photoconduction, as well as to conduction, consists of two components: 
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nonequilibrium quasiparticles (electrons and holes) excited over the Peierls gap, and 

nonequilibrium solitons. Since in conduction, with decreasing T, the type of majority 

carriers changes from quasiparticle to soliton [12] due to the lower activation energy 

of solitons than quasiparticles, it is logical to assume that in photoconduction, solitons 

will play a dominant role at low T. And a significant increase in excess solitons under 

strain, due to an increase in the degree of CDW incommensurability [9], will lead to 

an even greater low-temperature dominance of the soliton contribution to both 

conduction and photoconduction, which is consistent with experiment. Thus, 

photoconduction, like conduction, can be divided into high-temperature 

photoconduction at 60 ≲ T ≲ 77 K and low-temperature photoconduction at T ≲ 45 K. 

The first is carried out by nonequilibrium quasiparticles; the laws of collisional 

recombination work for it. The second has a collective origin with its own laws. 

Therefore, it is quite appropriate to call the high-temperature maximum of 

photoconductance a quasiparticle peak, and the low-temperature maximum a soliton 

peak. It was reported in [22] that photoexcitation of nonequilibrium electrons and holes 

can also change the concentration of solitons and thereby make a collective 

contribution to photoconduction, which can be considered as “collective 

photoconduction.” Apparently, in the absence of strain, such collective 

photoconduction is too small and “sinks” against the background of single-particle 

photoconduction. Strain increases the contribution of collective photoconduction, 

making it comparable to the single particle contribution. 

3. Analogy between strain and illumination 

The analogy between the effects of strain and illumination reported in [18] made 

it possible to obtain both the ET(G) dependence at different T and the α(T) dependence 

for the sample under study. To do this, we used (where possible) four different values 

of threshold fields – ETA, ETB, ETA
*, ETB

* and the corresponding values of Ohmic 

conductances GA, GB, GA+gA, GB+gB, (see Fig. 7). One can see that the exponent α 

remains constant at low T, increases in the temperature range 45 ≲ T ≲ 60 K, after 

which it does not change again. The inset shows the dependence α(T). The value 
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α = 1/3 (dashed line) corresponds to 1D pinning, and α = 3 (dash-dotted line) 

corresponds to three-dimensional 3D pinning [16]. Note that in the region 

30 < T < 55 K (see Fig. 7), the values of α were obtained in two ways – from 

measurements of the effect of strain on both conductance and photoconductance, and 

the values of α in both cases practically coincide. Since both the appearance of 

photoconduction and its change upon strain application result in a change in total 

conduction, such a coincidence of α means that for a change in conduction, it does not 

matter how additional current carriers were generated. And this confirms our 

assumption that both conduction and photoconduction have a collective nature at low 

temperatures. 

 

Fig. 7. Dependences of ET A,B (squares) и ET A,B
* (stars) on the corresponding 

normalized Ohmic conductances G at different T [18]. The inset shows the 

dependence of the exponent α on T. In the gray zone, the type of CDW pinning 

changes. In the yellow zone there is a sharp increase in ET(T). 

At high T, quasiparticles excited over the Peierls gap dominate, and it is they that 

participate in screening the potential created by CDW deformation, providing 3D CDW 

pinning. The crystal under study is bulky (S = 3.0 μm2), so the CDW pinning in it at 

T ≳ 60 K is three-dimensional [16]. With decreasing T, an increase in the concentration 

of excess solitons caused by strain leads to a change in the type of majority current 
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carriers. At T ≲ 45 K, solitons dominate over quasiparticles, whose contribution 

decreases according to the activation law [12]. A change in the type of pinning with 

decreasing temperature means that the screening of electric fields caused by CDW 

deformation now has a 1D character, as in the case of very thin samples [8]. 

We also analyzed all previously obtained results of studying photoconduction in 

relatively thin samples of o-TaS3 for a possible change in the CDW pinning 

dimensionality with increasing T. A summary picture, including the results of studies 

on samples of different cross-sections, is presented in Fig. 8. It was found that, in 

addition to the bulk sample, at least some of the thin samples show a transition from 

1D to 3D pinning with increasing T without any strain. This may be since in these 

samples, one of the transverse sizes is larger than the CDW phase correlation length in 

this direction – the value of S for all samples was calculated from the resistance value 

at room temperature R300. Thus, we observe a change in the CDW pinning 

dimensionality with a change in T in samples that differ in cross-sectional area by 2 

orders of magnitude. This behavior appears to be a characteristic feature of o-TaS3, 

associated with a change in the nature of the majority current carriers from single-

particle to collective at low temperatures.  

Conclusion 

This work summarizes the results of a series of works devoted to the study of 

low-temperature conduction and photoconduction of the Peierls conductor o-TaS3. The 

totality of the data obtained allows us to draw the following conclusions: 

1) The difference in the conduction character of o-TaS3 at high temperatures (100 

≲ T ≲ 220 K) and low temperatures (T ≲ 80 K) is indeed due to the different nature of 

the majority current carriers. In the high-temperature region, it is carried out by single-

particle carriers (quasiparticles), and in the low-temperature region, the predominant 

contribution is made by collective excitations (solitons). Conduction can be 

significantly increased due to photoconduction arising from nonequilibrium 

quasiparticles excited by illumination. 
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2) Similarly, the nature of photoconduction also differs at high 60 ≲ T ≲ 77 K 

and low T ≲ 45 K temperatures due to a change in the type of majority current carriers 

from single particle to collective. The collective contribution to low-temperature 

photoconduction, which is usually not noticeable, can be significantly enhanced by 

strain application, leading to an increase in the concentration of nonequilibrium 

collective carriers. 

These statements are confirmed by the following fact. The CDW pinning 

dimensionality (established due to the discovered analogy between the effects of strain 

and illumination on the conduction of o-TaS3) also changes dramatically with 

temperature, namely: 

1) In the region of low temperatures (T ≲ 40 K), one-dimensional (1D) CDW 

pinning is observed for all samples, including the bulk sample. 

2) For some samples (including both a bulk sample and a few relatively thin 

samples), a transition from 1D to 3D CDW pinning is observed in a narrow 

temperature range of 40 K ≲ T ≲ 60 K. 

A decrease in the CDW pinning dimensionality with decreasing temperature is 

associated with a change in the screening conditions of electric fields arising during 

CDW deformation due to a change in the type of the main screening current carriers 

from single particle to collective carriers.  

Financing: The research was carried out within the framework of the state assignment 

of the Kotelnikov IRE RAS No. 122042000064-1.  
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