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This Workshop is organised within the framework of ECO-NET programme  
"Study of charge density wave defects in low dimensional electronic crystals"  

 
 
 
 
              The aim of the Workshop is twofold:  
 
                                making a step towards synthesis of the wealth of knowledge about   
                                charge density waves (CDW) that has been gathered over last 30 years  
                                             
                                            presenting young researchers an overview of advances in the field  
                                            that have been made in about 10 last years.  
 

 
 

Scope 
 
Quasi one- and two-dimensional conductors offer a wealth of new broken symmetry ground states 
such as charge/spin density waves, high temperature superconductors, (anti) ferroelectrics, colossal 
magnetoresistance systems etc. exhibiting fascinating collective phenomena. Low energy 
excitations of these electronic crystals, as topological defects in electronic superstructure (solitons, 
vortices and domain walls) and their interaction with underlying crystal, its boundaries and defects 
(impurities) largely determine their thermal, magnetic and transport properties. 
  
This workshop will deal with recent developments in understanding of static and dynamic 
properties of these collective states, particulary CDW. Special attention will be paid to the study of 
CDW at different spatio-temporal scales: high resolution x-ray spectroscopy, coherent diffraction, 
STM, femtosecond optical spectroscopy, optoelectric measurements, dielectric measurements and 
glassy relaxation, wavelet temporal analysis, meso- and nano-scale measurements. 

 
Topics 

 
Gap Spectroscopies - STS, STM, ARPES  

Mesoscopy and space/time resolved studies  
Out of equilibrium properties  

Low energy excitations and slow relaxation  
Coulomb forces and screening effects, Wigner crystals 

Magnetic field effects  
New density wave systems 

 
 
 

The Workshop consists of Lectures, Oral and Poster presentations. 
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Skradin06 takes place   

 
30 years after the first experimental evidence of the        
Fröhlich conductivity (charge density wave sliding) 
        
     50 years after the Peierls theory of metal - insulator 
     transition in one - dimensional conductors 
 
                                in "The Year of Nikola Tesla"   
                               and 150 th Anniversary of his birth. 
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Workshop „Recent developments in low dimensional charge density wave conductors“ 
Skradin, Croatia June 29.-July 3. 2006. 
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Workshop „Recent developments in low dimensional charge density wave conductors“ 
Skradin, Croatia June 29.-July 3. 2006. 
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 About commensurability effects in quasi 1d conductors  

 S. Barišić  
 Department of Physics, Faculty of Science, P.O.Box 331, HR-10002 Zagreb, Croatia   

 sbarisic@phy.hr.  
 

The phase diagram of the Bechgaard and Fabre 
organic conductors is revisited. A special care is devoted to 
the commensurability effects associated with bond and site 
dimerization on the conducting organic chains which appear 
essential in the theoretical description of the observed phase 
diagram and of the physical behaviors associated with 
various phases. The bond dimerization effects are relevant 
in the paramagnetic insulating (MI) phase, in the (AF) phase 
with the tetramerized spin order, in the spin-Peierls (SP) 
phase with lattice tetramerization added to the (AF) spin 
order while the bond/site charge dimerization is relevant in 
the (CO) phase. The relevance of dimerizations is 
experimentally observed by the enhancement of the 
dimerization of distances between the adjacent organic 
molecules in the MI, AF and SP phases and by the 
apparition of the homogeneous shift of the counter ion 
lattice along the direction of the molecular chains in the CO 
phase. This ferroelectric shift is driven by the the charge 
disproportiation between adjacent organic molecular sites. 
In contrast to that, the dimerization of  the intermolecular 
distances and/or the homogeneous shift of the counter ions 
is absent in the superconducting phase, strongly indicating 
that the latter is stable only when the dimerization is 
irrelevant. Those observations are traditionally related to the 
behavior of the dominant fluctuations in the purely 1d weak 
coupling model with forward and backward scatterings g2 
and g1 of comparable magnitude and an Umklapp scattering 
g3 induced by dimerization, which is relatively small. The 
“phase diagram” of the 1d model is carefully reconsidered 
with the emphasis on the behavior in the region of (g2 - g1/2) 
≈ -| g3 |. For (g2 - g1/2) close above -| g3 | the Mott gap Δρ is 
finite but extremely small. For larger (g2 - g1/2) it remains 
small due to the relative smallness of | g3 |. The dominant 1d 
fluctuations below Δρ are of the AF type (spin 
tetramerization). It is emphasized that in the range -| g3 |<(g2 
- g1/2)<0 the dominant fluctuations in the sizeable 
temperature range above Δρ are of the SDW type, somewhat 
stronger than those of the CDW/BOW (bond density wave) 
type. At even higher temperatures the superconducting 
singlet (SS) or triplet (TS) 1d fluctuations prevail. The 
strengths of the interchain hopping t┴, the interchain 
backward Coulomb scattering and the coupling to phonons 
then determine the scales related to the true critical 
temperatures of the observed phase transitions. In this 
respect a special role is played by t┴. For temperatures 
below t┴ the tendency of all correlations towards the 
Luttinger liquid behaviors is arrested and replaced by the 
appropriate Fermi liquid behaviors with pseudogaps and 
gaps. Below t┴ the temperature behaviors of all relevant 
correlation functions, including the single electron 
propagator, can be approximately described by the ladder 
theories. In particular the singular correlation functions 

define the appropriate order parameters and give the 
corresponding mean field transition temperatures related to 
pseudogaps, assuming that they are lower than t┴. These 
mean field temperatures appear to be consistent with the 
observed phase diagram, and its evolution with pressure, 
assuming that the pressure decreases the relative role of |g3|. 
The transition temperatures associated with the long range 
orders in the phases of the order parameters can be 
reasonably estimated by the appropriate generalization of 
the ladder theories, the simplest of which is through Landau 
expansions in terms of the critical order parameters.  
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 Interlayer tunneling spectroscopy of layered high temperature 
 superconductors and charge density wave materials  
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We report on development of new interlayer 

tunneling technique for studies of condensed states in high 
temperature superconductors (HTS) and charge density 
wave (CDW) materials. The method of interiayer tunneling 
is based on the fact that transport across the layers in many 
highly anisotropic materials occurs due to the tunneling 
between elementary conducting layers separated by 
elementary isolating layers in the layered crystalline 
structure. We developed focused ion beam technique for 
fabrication of mesa-type structures with lateral sizes as 
small as 1μm x l μm and with a size across the layers of 
0.05μm [1] on the layered materials of HTS 
(Bi2Sr2CaCu2O8+x) and CDW materials (NbSe3, TaS3, 
KMo6O17). Small mesa sizes provide phase coherence and 
conditions to avoid self-heating effects. 
      For both condensed states we specify effects on 
interlayer tunneling related with the amplitude and phase of 
the order parameter: (1) quasiparticle tunneling over the 
energy gap, (2) low energy coherent tunneling of nodal 
quasiparticles  in HTS and uncondensed carriers in partly 
gapped CDW materials, (3) phase coupling /decoupling 
effects.  
     We demonstrate the advantages of the interlayer 
tunneling method for superconducting gap/pseudogap 
spectroscopy in Bi-2212 [2] as well as for the CDW gap 
spectroscopy in NbSe3 [3], TaS3 [4] and KMo6O17. The gap 
feature is characterized as a sharp increase of interlayer 
conductivity at bias voltages V=2Δ (Fig.1). We found the 
following values for CDW gaps: 60 mV and 140 mV for 
lower and upper CDWs in NbSe3, 180 mV for o-TaS3 and 
about 500mV for KMo6O17 (Fig.1). The values found are 
consistent with micro-contact spectroscopy, STM and 
ARPES data. 
     d-wave symmetry of the order parameter in layered HTS 
materials provides an existence of the narrow band nodal 
quasiparticles contributing to the low energy interlayer 
tunneling [5] at low temperatures. The interlayer tunneling 
in this case has been characterized as coherent tunneling [5] 
conserving the in-plane momentum during the tunneling 
process. Similarly, some CDW materials NbSe3, KMo6O17 
contain at low temperatures the ungapped parts of the Fermi 

surface that can contribute to the coherent interlayer 
tunneling. Experimentally, that is exhibited as a zero bias 
conductance peak (ZBCP) at the interlayer tunneling spectra 
of NbSe3 [3] and KMo6O17 (Fig.1). The fully gapped CDW 
materials (o-TaS3, m-TaS3) show no ZBCP on interlayer 
tunneling spectra [4].  
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Figure 1. Interlayer tunneling spectra of NbSe3, KMo6O17 
and o-TaS3. 
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Figure 2. The amplitude soliton peak at V= 2Δ/3 on 
interlayer tunneling spectra of NbSe3 [6]: at parallel 
magnetic field narrowing ZBCP at T=4.2 K (upper panel) 
and at various temperatures at zero field (lower panel). 

Except the CDW energy gaps [3] we identified 
intragap states associated with amplitude [6] (Fig.2) and 
phase [7] (Fig.3) CDW excitations. The amplitude 
excitations of incommensurate CDW, amplitude solitons, 
with energy of 2Δ/π  represent the non-uniform CDW 
ground state when CDW phase locally changed by π and 
one additional electron is accepted from free band. The 
phase CDW excitations, dislocation lines (DLs) or phase 
vortices, appear at even low energies. We identified the 
excitation of first DL at energy V=Vt ≈ 0.1Δ  for NbSe3 and 
o-TaS3. Transverse electric field creates DL due to the shear 
stress of the CDW. The DLs appear in the weakest junction 
of the stack. In NbSe3 we observed fine structure above Vt 
corresponding to the entrance in a junction of the second, 
third DL etc. At V>>Vt DLs  overlap and voltage drops on a 
single  junction. Note remarkable similarity of phase 
decoupling in HTS layered materials in parallel magnetic 
field and in layered CDW materials under perpendicular 
electric field. In both cases phase decoupling occurs via 
formation of phase vortices, the threshold energy for phase 
decoupling associated with Hc1 or Vt being much less than a 
value of the energy gap. 
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Figure 3. Threshold for interlayer tunneling dynamic 
conductance and its staircase structure for lower and upper 
CDWs in NbSe3 [7]. 
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Introduction 

One of the striking features in high-Tc cuprates is an 
unusual electronic state, the so-called “pseudogap (PG)”, in 
the normal state above Tc, which is very interesting for the 
understanding of the superconducting (SC) mechanism.  
Recently, Vershinin et al. demonstrated by the scanning 
tunneling microscopy (STM) and spectroscopy (STS) in the 
PG state of underdoped (UD) Bi2Sr2CaCu2O8+δ (Bi2212) 
that an electronic charge order is observed in the local 
density of states (LDOS) images for quasiparticle energies 
within the PG; the periodicity is energy- independent, which 
is called “nondispersive”, and given ~4a×4a (a: the lattice 
constant along two Cu-O directions) [1].  In the SC state, 
they did not observe such a nondispersive charge order but 
observed dispersive LDOS modulations due to quasiparticle 
interference effects, which were first reported by Hoffmann 
et al [1, 2].  This seems to indicate that the nondispersive 
charge order is a characteristic feature only for the PG state.  
In the SC state, however, Howald et al. and Momono et al. 
found a nondispersive charge order with a periodicity of 
~4a×4a, which pronouncedly appears within the SC gap [3 – 
5].  Whether the ~4a×4a charge order is observed in both 
the SC and PG states is of great interest to clarify the origin 
of the charge order, for example, whether Cooper pairs are 
responsible for the charge order, that is, a bosonic crystal is 
realized in high-Tc cuprates.  Thus, we report STM/STS 
studies in the PG state on two kinds of UD Bi2212 samples, 
which exhibit strong and weak ~4a×4a charge orders at 
T<<Tc, respectively. 

 

Experimental Procedure 

Bi2212 single crystals were grown by the traveling 
solvent floating zone method.  The hole-doing level p and Tc 
are ~0.14 and 81 K, respectively.  For the present STM/STS 
experiments, the sample was cleaved in a ultrahigh vacuum 
chamber of 10-9 torr before being inserted into an STM unit 
in situ.  After finishing STM/STS experiments at 5 K, the 
temperature was increased gradually up to ~85 K  above Tc, 
and then STM/STS experiments in the PG state were 
performed on the same sample-surface. 
 

Results and Discussion 

Shown in Fig. 1 (a) is an STM image measured at 
T=85 K (>Tc) for a sample bias voltage Vs of 30 mV on the 
sample exhibiting a strong ~4a×4a charge order at T<<Tc. 
One  can  see  in  this  figure  that  the sample also exhibits a  

 
 

 
 
 

 
 

Figure 1. (a): STM image of UD Bi2212 (p~0.14 and 
Tc=81 K) at T=85 K and Vs=30 mV. (b): Line cut of the 
corresponding Fourier map (inset) along the qx direction. 

 
charge order, oriented along the Cu-O directions, in the PG 
state.  To characterize the periodicity quantitatively, we 
performed the Fourier transform (FT) of this image; the 
Fourier map and line cut along the qx direction, 
corresponding to one of the Cu-O directions, are shown in 
Fig. 1 (b).  A large peak, whose intensity is about two times 
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stronger than the Bragg peak, is seen at qx~1/4 in the line 
cut.  Therefore, the periodicity of the charge order in the PG 
state is ~4a, which is the same as in the SC state.  
Furthermore, it was confirmed that the ~4a×4a charge order 
in the PG state is markedly observed below a value of Vs 
corresponding to the energy gap as in the SC state. On the 
other hand, for the sample exhibiting a weak ~4a×4a charge 
order at T<<Tc, it was found that the amplitude of the charge 
order is very small in the PG state, as well.  These facts 
indicate that the ~4a×4a electronic charge order is a 
characteristic feature for both the SC and PG states.   
Furthermore, it was found in STS experiments that the 
spatial dependence of energy gap structure is strongly 
inhomogeneous on the sample-surfaces which exhibit the 
strong charge order in the SC and PG states.  More 
interestingly, a d-wave SC gap structure is observed in some 
regions on the sample-surfaces which exhibit the strong 
charge order, although a PG like structure is still observed  
around the gap edge even at T<<Tc in another region on the 
same sample-surfaces.  This result suggests that the 
superconductivity will coexist with the ~4a×4a electronic 
charge order. 
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 25 years of studies on the one-dimensional Mo blue bronze-New developments 
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The molybdenum blue bronze, A0.30MoO3 (A= K, 
Rb, Tl) belongs to the family of metallic low dimensional 
oxide bronzes which are metallic due to charge transfer 
from the alkali metal to the conduction band and low 
dimensional due to layered structures (1). The blue bronze 
was known by chemists since approximately 1960 (2). A 
metal insulator transition found at 180 K in 1972 was 
attributed to excitons (3). This material was rediscovered in 
the eighties as a possible candidate for transition due to 
bipolarons (as in the Ti oxide Ti4O7) Anisotropy of the 
electrical conductivity (4) and of the optical reflectivity (5) 
showed that it is a quasi one-dimensional metal. Further x 
ray diffuse scattering studies establish that the transition is a 
Peierls distortion towards an incommensurate charge 
density wave state (CDW) (6). Non linear transport due to 
the sliding of the CDW was soon found in the CDW state 
(7). 

Since then, the physical properties of the blue bronze 
have been extensively studied by many groups all over the 
world, the large size of the single crystals making possible 
all kinds of measurements (see (1) and ref. therein). Only a 
few important results will be reviewed here. The crystal 
structure is built with chains of clusters of 10 MoO6 
octahedra along the 1D monoclinic b-axis. The modulated 
structure, with a wave vector qb close to 0.75 b*  at 77 K, is 
mainly associated to transverse displacements of the Mo 
ions (8). (Fig.1). Magnetic, thermal and elastic properties 
give detailed thermodynamic information on the Peierls 
transition (1).The band structure, recently obtained by first 
principles calculations, includes two pairs of slightly warped 
nested Fermi surfaces perpendicular to b. (9)  (Fig.2). These 
calculations are in agreement with x ray difraction and 
ARPES measurements (10) (Fig.3). However recent 
photoemission studies support a model of strong electron 
phonon interactions inducing mobile small polarons in the 
metallic state (11). This may be consistent with a model of 
bipolaron superlattice proposed earlier to account for the 
CDW state (12) and shows that the physics of the blue 
bronze (weak coupling or strong coupling approach) is not 
yet clarified.  

Numerous studies of the CDW transport show that 
the blue bronze behaves as canonical 1D CDW materials, 

with so-called narrow band noise frequencies proportional 
to the CDW current. However metastability and hysteresis 
phenomena are dominant in the blue bronze. Around 77 K, 
switching effects and low frequency pulses are found at the 
threshold field for depinning. This clearly shows that 
defects, such as CDW dislocations, play an important role in 
the mechanism of depinning and non linear transport. 
Several studies of x ray diffraction under current have 
clearly established that deformation of the CDW takes place 
in the sliding regime (1). Also electromodulated infra-red 
transmission allows spatial studies of these deformations 
between the electrical contacts (13). - At low temperature, 
the blue bronze shows a large threshold field (typically 10 
V/cm) towards a sliding regime with very low damping 
(14). This is attributed to the freezing of carriers in an 
insulating state and is typical of a material where the Peierls 
transition opens completely the Peierls gap. These 
phenomena are accompanied by metastable remanent 
polarization properties (1).  
 Many spectroscopic studies have been performed 
on the blue bronze. NMR has corroborated that the CDW 
phase is incommensurate and has provided through the 
motional narrowing effect a measurament of the CDW 
velocity. It has also shown that the sliding is 
inhomogeneous (15). The CDW excitations have been 
studied by several techniques. Far infra-red optical 
reflectivity and Raman scattering have shown the existence 
of the phase and amplitude modes (16). Inelastic neutron 
scattering studies performed on a very large single crystal 
support the existence of a Kohn anomaly at q=2kF. The 
velocity of the phase mode is consistent with a large CDW 
mass (150 me) (17). Recent inelastic x ray scattering 
performed with synchrotron radiation are consistent with 
these results (18).  

Several attempts to visualize the CDW and their 
defects have been done in the recent years. Low temperature 
observations of the CDW by STM on in situ surfaces 
cleaved in UHV are consistent with diffraction studies and 
indicate a modulation of 0.1 Å along b  (19). They should 
make possible the direct imaging of CDW dislocations on 
the surface.These are probably responsible for fringes 
(speckle) observed in coherent x ray diffraction (20) (Fig.4). 
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Exploratory work with synchrotron radiation diffraction 
imaging (x ray topography) has shown that, while a 
subgrain structure is visible on a Bragg (fundamental) 
image), most of the sample is imaged on a CDW satellite 
reflection. This has been attributed to the small coherence 
length of the CDW (21). 
 As a conclusion, the blue bronze is a good 
candidate for a microscopic understanding of CDW 
transport since it may be possible in a near future to 
visualize the CDW defects (dislocations) under current by 
several techniques: STM, coherent x ray diffraction and 
imaging. Mesoscopic transport studies on this material 
should be possible on available thin single crystal needles; 
preliminary work is on progress. The interest of such studies 
on a compound with large screening lengths (as compared 
to NbSe3) is obvious. Finally, the nature of the CDW 
transition to the CDW state involving weak or strong 
coupling could be reexamined. 
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Figure 1. Crystal structure showing the MoO6 octahedra in 
a plane perpendicular to b and the transverseMo 
modulations at 100K (from ref.8)  

 
Figure 2. Calculated band structure (from ref. 9) showing 
also the ARPES results (from ref. 10).  

 
Figure 3. Fermi energy intensity map at 300K showing 4 
Fermi surfaces. ΓX is parallel to b ( from ref. 10). 

 
.Figure 4.Two-dimensional x-ray diffraction patterns of a 
CDW satellite with fringes attributed to a single phase 
dislocation (from ref. 20). 
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Surface Charge Density Wave in Low Dimensional System  
Measured by LT-UHV-STM 
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In scanning tunneling microscopy (STM) experiment, 

the measured height of the object depends on electronic 
contribution and on underlying atomic lattice contribution. 
In s-wave approximation, Tersoff and Hamann showed that 
STM experiments provide information not only on surface 
topography but also on its electronic structure at surface. 
Imaging in constant current mode, when the height of one 
type nuclei of underlying atomic lattice is the same in 
crystal structure, the measured height difference of nuclei 
by STM is essentially reflecting the variations of local 
integrated electronic density of states (LIDOS) over the 
probed energy range (Ef to Ef+V). The measured height 
logarithmically depends on LIDOS at surface. An 
augmentation of 0.1Å (1Å) in height could refer to an 
increase of 20% (720%) LIDOS in a typical STM 
experiment under ultra-high-vacuum (UHV-STM) where 
the tunneling barrier is of 4eV. Charge density wave (CDW) 
is a macroscopic quantum condensation state characterized 
by periodic electron density modulation and lattice 
distortion. The ability of observation of charge density wave 
(CDW) in low dimensional system by STM has been 
demonstrated in the past. The modulation amplitude 
measured by STM is 10-100 times larger than the bulk 
vertical displacement components of the distorted atomic 
lattice reported. It is convincingly understood that the 
observed modulation amplitude is reflected directly to the 
variation of  local electron density and is insensitive to the 
atomic displacement. However, due to the poor resolution 
and non-UHV environment in the time, early STM studies 
only presented preliminary results. The difference between 
the CDW observed at the surface by STM and the bulk 
CDW detected by different diffraction technique has not 
been addressed. As the surface might play an important role 
in CDW physics, study on the surface charge density wave 
in low dimensional system could give a hint for further 
understanding. 

In this communication, we resume our recent STM 
experimental results on the cleaved surface of  TTF-TCNQ, 
Rb0.3MoO6 and NbSe3 at low temperatures. Below 
transition temperature, both underlying molecular lattice 
and CDW superlattice were observed simultaneously with 
excellent molecular resolution in our measurements. Brag 
spot and satellite spot clearly coexist in the Fourier 
Transform of STM images. The symmetry and unit cell 
vectors of the CDW superlattice at surface are resolved in 
analyzing the Fourier Transform.  

The experiments were performed in an UHV-LT-
STM system (with Omicron LT-STM head) developed for 
low temperature measurements under ultra-high vacuum 
conditions, and described elsewhere [1]. All the parts of 
STM head include piezo, tip and sample were suspended in 

a thermostat with two gold-plate copper screens. Both 
thermal sensor and sample were fixed in a copper block in 
order to reduce the temperature gradient. Mechanically 
sharpened Pt/Ir tips were used in these experiments. The 
durability of the tips, the stability of our system and of the 
experimental conditions were demonstrated by the ability to 
get reproducible images with molecular resolution for hours. 
All our measurements were taken in constant current mode 
and the temperature shift is less than 0.1K per hour. It takes 
roughly 20 minutes to acquire an image of a 20nm x 20nm, 
made of 512x512 pixels, with a scan rate velocity of 20nm/s. 
At least 5 images were successively taken in one 
measurement to guarantee the good stability and 
reproducibility of the result. The tip-sample interaction is 
intentionally minimized and tip induced CDW distortion is 
not noticeable in our STM experiment.   

The main differences between surface charge density 
wave and bulk charge density wave that we found are as 
follows:  

1) The amplitude of surface superlattice modulation 
measured by STM is inappropriate to the gap of CDW 
condensation.  

CDW condensation is second order phase transition. 
Both CDW gap and the CDW modulation amplitude are the 
order parameters of phase transition. In Landau phase 
transition theory, all order parameters should be scaled with 
their own critical temperature. In the past, the gap values of 
CDW condensations were directly measured by electric or 
optical experiments in these three components. The reported 
gap values of CDW are scaled to their transition 
temperatures by a factor of 8-12. A CDW with lower 
critical phase transition temperature has a smaller gap in his 
electronic spectra. However, the amplitudes of CDW 
modulations measured at the surfaces by STM are 
independent of their critical temperatures. They are 1Å for 
TTF-TCNQ (Tc=53K), 0.2-0.3Å for NbSe3 (Tc=57K and 
142K) and 0.1Å for Rb0.3MoO6 (Tc=180K). More, on th 
cleaved surface of NbSe3 we found surprisingly that the 
modulation amplitude of high temperature Q1 CDW (Tc= 
142K) is about the 70% of the amplitude of  low 
temperature Q2 CDW  (Tc= 59K) at 5K. It is about  0.3Å 
for low temperature CDW and is about 0.2Å for high 
temperature CDW in NbSe3. 

2) The surface superlattice unit cell vectors deducted 
by Fourier Transform may different of the bulk value.  

In TTF-TCNQ, our result of STM confirms the 
existence of C-I-C CDW phase transition at surface and 
wave vectors are in good agreement with previously result 
reported by X-ray, neutron or electron diffraction [1]. The 
two wave vectors measured by STM at the surface of  
NbSe3 are the same as the reported value in the bulk. 
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However, we found the existence of inhomogeneity of  the 
CDW wave vector at the (201) surface of Rb0.3MoO3 [2]. 
In Rb0.3MoO3 the reported bulk wave vector component 
Qb value below 100K is almost commensurate to 0.75. 
However, our STM experiment at optically distinct plateaus 
of area of 1000 micron^2could yield different values of Qb. 
Moreover on the same plateau, Qb could change from 0.65 
to 0.79 when the position of tip is displaced to several 
microns. As in-situ crystal cleavage occurs in the layer of 
the Rubidium, the re-distribution of doping Rubidium 
impurity might introduce the random surface charge. We 
suggest that the random surface charge is the origin of  the 
inhomogeneity surface Fermi vector. First-principles 
density functional theory (DFT) calculations were 
performed in order to understand the physics of the 
inhomogeneity. Calculations are carried out for different 
slabs including different number of octahedral layers as 
well as different density of Rb atoms at the surface. Only 
valence electrons are considered in the calculation. It is 
found that the surface density of Rb atoms plays a key role 
in determining the surface nesting vector. The calculated 
changes in the surface nesting vector induced by different 
realistic concentrations of surface Rb atoms are consistent 
with the observed inhomogeneity [3]. 
 

 
 
Figure 1 Continuous line: first principle DFT(density 
functional theory) calculated b* component of the nesting 
vector of the (-201) surface of Rb_0.3MoO_3 versus 
surface alkali density. 0 corresponds to the stochiometric 
case. Empty circles refer to the experimental Qb* values 
probed by STM. 
 

3) The nature of phase transition of the surface CDW 
is more complicated than that of the bulk CDW [4]. Our 
STM study in TTF-TCNQ shows that the temperature 
dependence of CDW are identical to the results of CDW 
reported by diffraction technique. However, at 61.2K and 
62K, i.e. 2-3K above the bulk transition temperature T2 
(59K) in NbSe3, we found that the low temperature CDW 
(LT-CDW) is well developed at the surface, leading to the 
true superlattice spots in 2D FT of the STM images. This 
coherent Q2 modulation affects mainly chain I, which is the 
chain mostly affected by the T2 transition as we observed it 
at 5K. And  the modulation amplitude of Q2 at 62K is even 
larger than that of the Q1. This new observation was 
repeated in more than 100 measurements at three samples 

and at different positions. We postulate that it is an 
extraordinary phase transition: surface charge density wave 
phase transition as predicted by Tossatti and Anderson in 
1974. 
 
 

 
 
Figure 2 50*50nm2 STM constant current image of (b,c) 
plane of NbSe3 at T~62K. Vbias=-300mV, It=60pA. Both 
Q1 and Q2 CDWs are seen above T2 the bulk critical 
temperature for the Q2 CDW, as confirmed in the Fourier 
transform of this image in Fig2. 

 
 
Figure 3 2D Fourier Transform of Fig.1 showing Q1 and 
Q2 superlattice spots with C* Bragg spot. The intensity of 
the LT-CDW(Q2) is more important than that of HT-
CDW(Q1).  
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Angle-resolved photoemission spectra in some quasi-
one-dimensional organic conductors show  broad maxima at 
the energies of the order of plasmon energy, together with 
the disappearance of the spectral weight at the chemical 
potential. These spectra [1-4] cannot be interpreted within 
the Fermi liquid picture which applies to three-dimensional 
metals and predicts the appearance of quasi-particle in the 
spectral function at the energies close to the chemical 
potential and wave vectors close to the Fermi wave vector 
[5]. Due to these quasi-particle peaks the density of states is 
finite at the chemical potential showing the Fermi edge, and 
the momentum distribution function shows a discontinuity 
at the Fermi wave vector. Furthermore, earlier 
renormalization group and bosonization calculations within 
the Luttinger liquid theory [6-9] led to exact results for the 
spectral properties. The spectral function and the density of 
states in this approach show a power low behaviors at the 
energies close to the chemical potential, while the 
corresponding momentum distribution is continuous at the 
Fermi wave number. These results are applicable for 
energies up to the bandwidth energy for which the exact 
techniques can be used. The ARPES spectra of Bechgaard 
salts [1,3,4] seem to be in qualitative agreement with the 
Luttinger liquid  approach, although there are also some 
opinions [10] that they can be strongly affected by the 
surface contributions. Furthermore, this interpretation 
suggests that the long-range Coulomb interaction in 
Bechgaard salts should be rather strong. Model of weakly 
coupled metallic chains with the three-dimensional 
Coulomb interaction studied within the same approach 
shows that the strictly Luttinger liquid behavior exists only 
in the limit of vanishing interchain hopping [11,12]. For 
finite interchain hopping the spectral density contains finite 
low energy quasi-particle residua. 

We investigate here the spectral properties of quasi-
one-dimensional metals at higher energies of the order of 
plasmon and/or bandwidth energy by applying the standard 
so-called G0W0 approximation in calculation of the dressed 
electron Green’s function with the screened long-range 
three-dimensional Coulomb interaction obtained within the 
random phase approximation (RPA). First we assume a 
strictly one-dimensional electron band due to a finite 
transfer integral along the chains [13], and in the second 
step we extend the consideration to a more realistic case of 
electron band with a finite interchain hopping [14]. This 
approximation was used previously by Hedin and Lundqvist 

for the three-dimensional “jellium’’ model [15-17]. The 
specific aspect of the model of quasi-one-dimensional 
metals within this approach is the anisotropy of the plasmon 
dispersion. As long as there is no interchain hopping in 
electron dispersion, the anisotropic plasmon mode has an 
acoustic nature. The consequence is that the spectral 
function does not have low energy quasi-particle peaks, and 
instead contains only broad feature at the energies of the 
order of the plasmon energy [13]. Thus the G0W0 
approximation gives the spectral function which is in the 
qualitative agreement with ARPES spectra of Bechgaard 
salts [1,3,4].  

A finite interchain hopping however yields optical 
anisotropic plasmon dispersion. Finite optical gap equal to 
the transverse plasmon frequency allows the appearance of 
low energy quasi-particle in the spectral function in addition 
to the hump present at the energies of the order of the 
plasmon energy [14]. We determine quantitatively the 
transfer of the low energy quasi-particle spectral weight to 
the hump as a function of the intercahin coupling, which 
enables the discussion of the cross-over from the anisotropic 
Fermi liquid regime to the strictly one-dimensional non-
Fermi liquid regime.  

We also analyze the influence of the anisotropic 
plasmon dispersion on quantities derived from the spectral 
function like the momentum distribution function and the 
density of states [13,14]. The disappearance of low energy 
quasi-particles in the spectral function in the case of the 
acoustic plasmon dispersion leads to the continuity of the 
momentum distribution function at the Fermi wave number, 
and to the disappearance of the density of states at the 
chemical potential [13]. On the other hand, low energy 
quasi-particles in the spectral function appearing with finite 
optical plasmon dispersion lead to the discontinuity of the 
momentum distribution function at the Fermi wave number, 
and to the finite density of states at the chemical potential 
[14]. We discuss the obtained results having in mind real 
materials, as well as corresponding results obtained within 
the Luttinger liquid picture. We analyze the whole energy 
scale with the special emphasize on the energies of the 
plasmon excitations, while the Luttinger liquid approach is 
concentrated on the determination of the exact low energy 
behavior .  

In conclusion, the G0W0 approximation with the 
RPA screened long-range three-dimensional Coulomb 
interaction shows that the anisotropic dispersion of plasmon 
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mode is the source of non-standard spectral properties of 
quasi-one-dimensional metals, and enables quantitative 
description of the broad feature in the spectral function. Our 
results give new insight into the cross-over from the three-
dimensional Fermi liquid regime to the one-dimensional 
Luttinger liquid regime. We also estimate a range of 
applicability of the present approximation in the analyses of 
the one-electron spectral properties of low dimensional 
electron systems.   
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The Peierls transition is an electronic instability 

that affects the properties of low dimensional compounds. 
This transition changes an high temperature metallic state 
into a low temperature modulated  state, that is 
characterized by the condensation of  a part or the totality of 
the conduction electrons in a charge density wave, 
depending on whether the system is two or one-dimensional. 
Therefore, the development of a Peierls transition strongly 
depends on the electronic band structure and on the shape of 
the Fermi surface in the metallic state. One of the main 
electronic properties allowing a Peierls transition is the 
existence of nesting possibilities at the Fermi surface. 

 

       
 
Figure 1.  Energy distribution curve of KMo6O17, recorded 
with HeII photons.  
 

Some oxides of molybdenum or of tungsten exhibit 
Peierls transitions. Beside to the quasi one-dimensional blue 
bronze of molybdenum, some of them are quasi two-
dimensional, like the oxide Mo4O11, the purple molybdenum 
bronze KMo6O17 and the monophosphate tungsten bronze 
P4W8O32 [1-2]. This class of oxides has layered crystal 
structures, where infinite layers of MoO6 or WO6 octahedra 
are limited by MoO4 or PO4 tetrahedra planes. The 3d or 4d 
conduction electrons remain confined in the middle of the 
layers and make these oxides strongly two-dimensional. The 

octahedra layers have a distorted perovskite structure that 
defines up to three directions of conduction along zig-zag 
chains. 

We present an overview of the electronic structures 
and Fermi surfaces of these oxides, studied at room 
temperature by ARPES, using HeI or synchrotron radiations.  
In all these compounds, the energy distribution curves 
reveal a weak conduction band with a bandwidth of about 
800 meV (Fig.1) [3-4]. Several dispersive or stationary 
bands are detected along the main directions of the Brillouin 
zone, that allow to point out several Fermi vectors (Fig.2) 
[4-5]. The experimental band structures are consistent with 
the predicted band structures calculated by E. Canadel and 
al. [6], after rescaling the electron energy. 

 

 
 
Figure 2.  Band structure of KMo6O17, in the ΓK direction. 

 
Direct measurements of the Fermi surface at room 

temperature have been performed by ARPES at Lure 
(Orsay, France), with a computer controlled automatic set-
up. The cross section Fermi surface recorded over up to nine 
first Brillouin zones is found to be built with several sheets 
with quasi-polygonal shapes (Fig.3). The presence of long 
and aligned straight parts provides to the Fermi surface 
different possibilities of nesting. In all studied bronzes, the 
lattice displacement wave vectors or the CDW wave vectors 
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detected in the low temperature state correspond to one of 
the nesting vectors. Furthermore, the experimental Fermi 
surfaces can be analyzed as the superposition of several 
pairs of parallel planes, corresponding to the one 
dimensional Fermi surfaces associated to each direction of 
conduction along the zig-zag chains. This peculiarity, 
attributed to the hidden one dimensionality of these oxides, 
was predicted by E. Canadell et al. from the calculated 
Fermi surfaces [6]. The experimental results corroborate the 
theoretical predictions. 

 
 

 
 
Figure 3.  Fermi surface cross section of KMo6O17 (Eph=34 
eV). The dashed lines represent the 1-D Fermi surfaces 
associated to the three directions of conduction along zig-
zag chains. 

 
The CDW state was also investigated. Direct observations 
of the charge density waves have been obtained by STM in 
the molybdenum compounds [7]. A partial Peierls gap 
opening was detected in KMo6O17, and confirmed recently 
by ARPES [8].  
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It is known that when the CDW is at rest the trans-
port properties of quasi-one-dimensional (1D) conduc-
tors with a CDW are determined by the electron and
the hole excitations through the Peierls energy gap. The
charge of quasiparticles e(p − n) changes if the CDW
wave vector q changes: q − q(T = 0) = 1/π(p − n)
[1]. Let us consider physical picture near the contact
between a CDW and a normal metal. When an elec-
tric field less than the threshold electric field ET, for
depinning the CDW is applied to a Peierls semicon-
ductor, a distortion of the CDW occurs in the vicinity
of the contact. This CDW deformation changes the
electron and hole densities. It means that the CDW
with a semiconducting ground state can be viewed as
conventional semiconductors but with a variable de-
gree of doping depending on the external perturbations
(semiconducting model of CDW [1]). As the electric
field increases further, the deformation of the CDW
achieves a critical value, phase slip (PS) centers form
in the vicinity of contact, and the CDW motion starts.
If the contact area is large, the shift of the chemical
potential z in the vicinity of the contacts in insignifi-
cant (< kT ). A different situation may occur in the
vicinity of a microcontact with a size d < 100 Å. The
length of the CDW distortion is of the same order of
magnitude, because the electric field is localized near
the point-contact in a region with a characteristic size
∼ d [2]. In this case, when a PS occurs, the change
in q can be estimated as δq = 2π/d, and the corre-
sponding δζ2π ∼ δq(δζ/dq) kT (δq/q)(R(T )/R(300K)).
This value for typical Peierls conductors, for example
for K0.3MoO3 or TaS3, is many times higher than kT
practically at all temperatures. Thus, even a single PS
event shifts the chemical potential by a large value. So,
it may be suggested that a very large CDW distortion
and a shift of the chemical potential can be obtained in
the vicinity of the N-CDW point contact of sufficiently
small area.

E

eV

dz

FIG. 1: Schematic diagram of energy bands in the vicinity
of a N-CDW point-contact for n-type Peierls conductor

Figure 1 shows the energy band diagram in the vicin-
ity of a point contact. The positive sign of the bias volt-
age V corresponds to the downward shift of the chemical
potential. In this case, the maximum of the contact re-
sistance corresponds to the position of the chemical po-
tential at the effective middle of the gap. Upon a further
increase in the voltage, a Figure 1. Diagram illustrating
distortion of energy bands in the vicinity of a metal-
CDW point contact transition from the electron to hole
conductivity takes place. Indeed, it can be seen from
Figure 1 that the CDW deformation near the contact
occurs in such a way that the electric field determined
by the electrostatic potential gradient (dashed curve in
Figure 1) decreases in the vicinity of the contact: the
CDW is deformed under the action of this electric field
until the field vanishes or its action is compensated by
pinning forces. For an appreciable CDW deformation,
the chemical potential may be located below the middle
of the gap, that corresponds to the hole-type conductiv-
ity. The dependence of the contact resistance R on the
bias voltage is asymmetric with a peak shifted to the
region of positive voltages for n -type semiconductor, or
negative voltage for p-type one.

To obtain a quantitative description of the R(V )
dependence, for simplicity, we present R as the sum
R(δζ)+R0, where R0 is independent of V , while R(δζ)
is determined by the conventional formula for the con-
ductivity of quasiparticles µnn + µpp. We assume that
quantity δζ is proportional to the voltage (δζ = bV ).
The case when b = 1 corresponds to complete screen-
ing of the applied field, i.e., the absence of bending in
the energy bands depicted in Fig. 1. In other words,
we represent the region of voltage drop as parallel con-
nection of two subcircuits (with a uniform shift of the
chemical potential and with R independent on V ):

R(V ) = R1/ cosh(
b(V − V0)

kT
) + R0. (1)

This is an expression with four fitting parameters: V0

corresponds to the maximal resistance and is the chem-
ical potential at the effective middle of the gap, while
quantity bV0 gives an estimate of the initial shift in the
chemical potential relative to the effective middle of the
gap. The value of R1 is several times higher than R0;
i.e., the CDW is deformed practically in the entire re-
gion of the contact voltage drop.

For the experimental investigation of the processes
which take place in the N-CDW microcontact, we have
measured the differential current-voltage (IV) charac-
teristics of point-contacts between a normal metal (Au,

1
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FIG. 2: R(V ) dependencies for PC Cu-K0.3MoO3 in the
temperature range 80-190 K.

Cu) and K0.3MoO3; TaS3 and (TaSe4)2I single-crystals.
All contacts were oriented along the chain direction.
The experiments were done at temperature range T =
4.2÷ 300K.

A maximum of the resistance of R(V ) dependencies
was observed in all experimental curves at V = V0 > 0
for K0.3MoO3, at V0 < 0 for TaS3 and at V = 0 for
(TaSe4)2I. In the frame of semiconducting model of
CDW it means that K0.3MoO3 has a n-type conduc-
tivity; TaS3 is p-type semiconductor, and (TaSe4)2I is
even semiconductor.

Most stable point-contacts were obtained for
K0.3MoO3 single crystals. Evolution of one of such con-
tact characteristic with temperature is shown in Fig.2.
At the temperature range T > 77 K, being asymmet-
rical with respect to the voltage sign reversal, the I-V
curves are quite symmetrical with respect to V = V0.
It can be seen that with the temperature increase V0
tends to zero voltage. Using formula (1) we succeed to
determine the temperature dependence of the chemical
potential position and screening coefficient. We show
that in equilibrium for K0.3MoO3 the chemical poten-
tial position is above the middle of Peierls energy gap
and tends to its middle with the temperature increase.
The screening coefficient δζ/V ∼ 1 at T > 150 K and
decreases rapidly below this temperature.

For large values of the contact diameter (d > 100 Å)
we observed local movement of CDWs in the contact re-
gion. For this type of contacts, we have determined the
dependence of the CDW breakdown voltage on the con-
tact diameter and temperature and proposed a model
explaining these dependencies by the size effect in the
CDW phase slip. Figure 3. R(V ) dependencies for Cu-
K0.3MoO3 contact in the temperature range 35÷ 78 K.

At low temperatures (below 77 K) we observed the
new features of the CDW state which can not be de-

scribed in the frame of semiconducting model of CDW.
Indeed, the strong asymmetry of the R(V ) curves
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FIG. 3: The same as in Fig.2 but for another Cu-K0.3MoO3

PC in the temperature range 35.5-78 K.

(Fig.3) at T < 70 K indicates that compress and strain
deformations in K0.3MoO3 become nonequivalent at low
temperature. At positive voltages the asymmetry be-
comes obvious beginning from a certain voltage Vc,
where a change of the slope of R(V ) dependence is
observed. Formally, it means that above Vc further
deformation of the CDW strongly slows down (nearly
stops). This indicates onset of a new pinning mech-
anism. We assume that this may be pinning on the
commensurability. At T < 100 K the blue bronze is
close to commensurate state [3] and one needs a rel-
atively small deformation to achieve the commensura-
bility. It is natural to assume that this deformation is
achieved at V = Vc. In the case of a PC the electric
field drops over a small length of the order of the PC
diameter d ∼ 10 nm is less than the coherence length of
the CDW. Then, the CDW deformation can be rather
homogeneous within the volume probed by PC. The
effect is more pronounced at low temperatures, where
the screening coefficient is smaller and the coherence
volume is larger. As the temperature increases, the
asymmetry gradually disappears, probably because of
the increasing of quasiparticle concentration.

The work has been supported by the RFBR (grant
No 05-02-17578) and program of RAS ”New materials
and structures” (No 4.21).
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The series of charge transfer salts (Per)2[M(mnt)2] 
where Per is the organic donor perylene, M a transition 
metal such as Au, Pt, Pd, Ni, Cu, Co, Fe, and mnt the ligand 
maleonitriledithiolate, have been studied for more than 30 
years since the report by L. Alcácer and A. Maki of high 
electrical conductivity in the first members of this family[1]. 
The so called α-phases of this series are an almost 
isostructural family of compounds. The unit cell, as shown 
in figure 1, contains both conducting stacks of partially 
oxidized perylene molecules and anionic stacks, which for 
some transition metal complexes (e.g., Ni, Pt, Pd and Fe) 
may have localized magnetic moments [2]. 
 
 
 
 
 
 
 
 
Figure 1. Crystal structure of α-(Per)2[Au(mnt)2] viewed 
along b. 

The room temperature electrical conductivity along 
the perylene stacking axis b, σb, is ~700 Ω-1cm-1 and the 
anisotropy of the conductivity σb/σa is of order 103. The 
transfer integral between neighbour perylene molecules 
along the stacks is approximately 150 meV and of the order 
of 1 meV or less in transverse directions. Therefore these 
materials are almost perfectly one-dimensional conductors. 
In comparison with the Bechgaard salts, the interchain 
coupling is an order of magnitude weaker. 

The two types of chains present in the structure 
(conducting and magnetic), are both prone to the 
instabilities typical of conducting and magnetic 1D systems 
as demonstrated by diffuse x-ray studies, and the possible 
coupling of these instabilities have been the central aspect of 
different studies on these materials for long time [2]. The 
Au and Pt compounds present CDW transitions at 12 and 
8 K respectively. The low transition temperatures and the 

extreme anisotropic electronic band structure make these 
compounds unique systems to test the behaviour of a CDW 
under magnetic field. The recent high magnetic field studies 
performed in these compounds are summarised in the 
present communication. 

The studies under high magnetic field have shown 
that the CDW state is indeed suppressed at fields of order of 
the Pauli field BP and a higher conductivity state is 
recovered. However this suppression presents a significant 
anisotropy demonstrating non-negligible orbital effects [3], 
not anticipated in view of the almost perfectly 1D nature of 
the band structure. Furthermore under higher magnetic 
fields it was discovered in the Au and Pt compounds that a 
series of different new phases are induced, tentatively 
ascribed to FICDW [4]. 

 

 
Figure 2. High field behavior of the CDW ground states in 
(Per)2[M(mnt)2] (M=Au and Pt) for B//c and B//b. 
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These field induced transitions, as detected by 
electrical transport, magnetization, thermopower, and Hall 
effect studies, follow a rich and complex phase diagram not 
yet fully explored but with anisotropy and slight differences 
for the Au and Pt compound, as schematically depicted in 
figure 2. 

The effect of hydrostatic pressure in these 
compounds was also investigated. Under moderated 
pressure there is first a significant reduction of the CDW 
transition and then, above ~5 Kbar, a clear transition is no 
longer observed [5]. Under pressures of this order of 
magnitude the magnetoresistance starts showing quantum 
oscillations reaching a quantum limit at circa 20 T. 
Although these oscillations are reminiscent of Shubnikov de 
Haas, the presence of closed Fermi surface pockets are hard 
to conceive in these systems and a more detailed analysis 
shows that the oscillations are instead due to a Stark 
interference of electron trajectories on multiple open-orbit 
Fermi surface sheets [6]. 

These results are in fair agreement with recent band 
structure calculations of α-(Per)2M(mnt)2 compounds 
which, as a consequence of the four perylene chains in the 
unit cell and the small but non-negligible interchain 
interactions, predict 4 almost degenerate, slightly warped, 
Fermi surfaces as shown in figure 3 [7]. 

Under pressure with the suppression of the CDW 
transition a Fermi surface comparable to that at high 
temperature and ambient pressure is recovered. The 
periodicity of the quantum oscillations is in qualitative 
agreement with the Fermi surface calculation. Recent 
AMRO studies seem to confirm this picture. 

The rich behaviour of the field induced transitions in 
the α-(Per)2[M(mnt)2] compounds and the details of its 
anisotropy cannot be entirely described by any of the 
currently available theoretical models of a CDW system 
under magnetic field. It is evident that small details of the 
Fermi surface anisotropy of the α-(Per)2[M(mnt)2] 
compounds, of the order of 1meV, become relevant to the 
observed phenomena. The role of the four almost degenerate 
open Fermi surfaces is however still open to discussion. 

 
 
 
 
 
 

 
Figure 3. Calculated Fermi surfaces of α-(Per)2Pt(mnt)2. 
Note that this is a largely enlarged picture around 
kb*=0.375. 
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Several transition metal bronzes of general formula 
AxMOy are metallic oxides. In this family of compounds M 
is a transition metal and A an alkali element or a group of 
elements providing electrons which fill partially an 
hybridized p-d conduction band of MOy. Since some of 
these compounds have a layered crystal structure, they are 
quasi-2D conductors. Among such materials are the purple 
bronze KMo6O17 and the monophosphate tungsten bronzes 
(PO2)4(WO3)2m (1). Most of these compounds show Peierls 
transitions towards a CDW state. These results are attributed 
to the nesting properties of the Fermi surface (FS)  together 
with electron-phonon coupling. Strong nesting properties in 
quasi-2D compounds are due to the presence in the 
conducting layers of three type of hybridized zig-zag 
infinite chains. This peculiarity is called “hidden one-
dimensionality or hidden nesting”. In this talk, we discuss 
the effect of a high magnetic field on the conducting CDW 
state of two quasi-2D conductors: KMo6O17 and 
(PO2)4(WO3)10. 

KMo6O17 shows a Peierls transition at 110K towards 
a commensurate conducting charge density wave (CDW) 
state. The crystal structure is made of layers of MoO6 
octahedra perpendicular to the c-axis, separated  by alkaline 
K+ ions and MoO4 tetrahedra. The 4d conduction electrons 
are confined in the infinite layers perpendicular to the c-
axis, leading to quasi-2D electronic properties. Calculations 
(2) show that the electronic band structure originates in 
three quasi-one dimensional bands, corresponding to three 
Mo-O zigzag chains in the a, b and (a+b) directions. A 
pronounced anomaly in the resistivity is found at 110K and 
is due to partial gaps opening on the Fermi surface together 
with the establishment of the superstructure of the CDW 
state. Similar results have been obtained in TlMo6O17 (3). A 
maximum near 30 K in the susceptibility curve together 
with sigmoidal magnetization curves below 30 K seem to 
indicate a Spin Density Wave or  a new mixed CDW/SDW 
state. Recent measurements by Latyshev et al (4) of 
interlayer tunneling conductivity reveal that a small gap 
exists at low temperature and vanishes also near 30 K.  

Previous magnetoresistance studies (5)  at low fields 
(B<10T) also seem to indicate that a phase transition takes 
place in zero field in the range 20K-30K as shown in the 
phase diagramme T(B) in Figure 1. 

Magnetoresistance (MR) measurements have been 
performed at LEPES-CNRS (5) and up to 55T at LNCMP 
(Toulouse) (6). At the lowest temperature (T= 1.6K) the MR 
curves show several anomalies at low fields. At higher 
fields,  two  maxima are found followed by a strong 
decrease of the MR and the onset above 40T of Shubnikov-
de Haas (SdH) oscillations. The frequency of the 
oscillations, obtained from the Onsager relation : 
1/Bn= (2e/ħ)(π/AF)(n+1/2) 
is F= 610 T.  (Bn is the magnetic field at the peak position of 
the oscillation and AF the extremal cross sectional area of 
the Fermi Surface perpendicular to the magnetic field).  
The related area of the extremal orbit on the Fermi surface is 
found to be 5.4x10-2 Å-2. This area is 3.6% of the high 
temperature Brillouin zone. Unusual phase diagrammes Tc 
(B) have been obtained for the high field regime (Figure 2). 
Anomalies in the MR curve are accompanied by hysteresis 
between field sweeps up and down for 20T<B<40T. This 
indicates that, in this range of fields, first order phase 
transitions to smaller gaps states take place. These results 
suggest that Pauli type coupling (coupling of the field to the 
spins of interacting electrons) takes over orbital effects 
(“one-dimensionalization” of the electron orbits) and leads 
to a field-induced transition with a partial destruction of the 
density wave gaps. These results seem consistent with the 
presence of small gaps which would be sensitive to the 
magnetic field. They are similar to those obtained on some 
organic conductors (7). However, the effect of a magnetic 
field is much stronger than expected by the existing theories 
(8). As far as we know, KMo6O17 is the first inorganic 
compound showing such properties.  
The  anomalies  and transitions obey for low angles a 1/cosθ 
law. This dependence indicates that they are determined by 
the field component perpendicular to the layers. This is 
consistent with a quasi-2D Fermi surface. 

In the monophosphate tungsten bronzes 
(PO2)4(WO3)2m the low dimensional character can be varied 
by changing m without significant change of the 2D 
Brillouin zone and Fermi surface. The crystal structure is 
made of  infinite layers of WO6 octahedra separated by PO4 
tetrahedra. The 5d electrons are confined in the WO6 layers. 
The compounds with m=4 and 6 show Peierls transitions 
associated with partial CDW gap openings. The m=5 
compound (PO2)4(WO3)10 with an alternate structure 4/6/4/6 
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made of intergrowth of m=4 and m=6 layers is of special 
interest (9, 10). The in-plane resistivity vs temperature 
shows one anomaly at ~160K, weaker than in KMo6O17, 
corresponding to the onset of a commensurate CDW  and 
another small one at 30K. Below 30K, a very large positive 
magnetoresistance appears abruptly. SdH oscillations with 
large amplitude are observed up to ~ 45K (Figure 3). The 
frequencies follow a 1/cosθ law. While SdH oscillations 
give information on the cross sectional area of the FS , they 
do not give detail on the shape of the residual FS pockets 
left in the CDW state by gap opening. Such information can 
be obtained from angle dependent MR oscillations (AMRO) 
(11). These oscillations of the resistance are associated to a 
warping of the Fermi surface. They are found by recording 
the angular dependence of the interplane resistance at 
constant magnetic field. This is a semiclassical rather a 
quantum effect. In the 4/6/4/6 compound, they are observed 
below 30K. The remaining FS pocket is clearly not circular 
but elliptical (Figure 4). Its area can account satisfactorily 
for one frequency of the SdH oscillations.  
  
*Present address: Center for NanoScience (CeNS), LMU 
Univ. 80539 Munich, Germany.  
Part of this work is supported by  Contract “Transnational 
Access-Specific Support Action, RITA-CT-2003-505474” 
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Figure 1. Phase diagramme T(B) of KMo6O17. Low field 
regime; (from ref. 5).  
 

 
Figure 2. Phase diagramme T(B) of KMo6O17 . Horizontal 
scale : fields B1, B2 of the anomalies ; B3, B4 fields of the 
transitions. Vertical scale: corresponding temperatures; 
(from ref. 6).  
 

 
Figure 3. SdH oscillations of (PO2)4(WO3)10 vs magnetic 
field  (from ref. 9). 
 

 
Figure 4 (•): Map of the Fermi wavevector k// in the kx-ky 
plane vs azimuth φ. Thick (red) line: Resulting transverse 
cross-section of the FS pocket deduced from AMROs. (from 
ref.9). B=7.8T; T=4.2K.  
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Low-temperature Specific Heat of Impurity-stabilized Luttinger Liquid
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Basic properties of quasi-1D CDW conductors at el-
evated temperatures are well-understood within mean-
field approach according to which the CDW coexists
with single-particle excitations. In the frame of this
approach thermodynamic and transport properties of
CDW materials are described by contributions from col-
lective and single-particle degrees of freedom [5]. But at
low temperatures, say, by few times smaller, than the
CDW transition temperature, there are many intriguing
properties that still are not understood well. For exam-
ple, at low temperatures these materials demonstrate
a behavior typical for hopping conductivity instead of
Arrhenius law [6] and anomalous dielectric response [7],
the observed behavior being evidently related to impu-
rities.

An intriguing example of unusual low-temperature
properties of CDW materials is recent observation of
strong effect of magnetic field on low-temperature heat
capacity of o-TaS3 and blue bronze Rb0.3MoO3 [1–3].
Such a behavior looks unexpected since the CDW ma-
terials are not magnetic ones. Another manifestation of
unusual behavior at temperature decrease is the transi-
tion from room-temperature metallic behavior to non-
metallic one below 50 – 100 K detected in measure-
ments of temperature and field dependence of conduc-
tivity of TaS3 and NbSe3 nanoscale-sized crystals and in
focused-ion beam processed or doped crystals [8]. Con-
ductivity in such samples behaves as it is expected in
the Luttinger liquid (LL).

In order to account for such behavior a possibility of
stabilization of the LL state by defects in quasi-1D met-
als was put forward [4]. In such a state electronic system
exists in a form of collection of bounded LL stabilized
by impurities, so that the inter-chain hopping does not
destroy the LL at temperatures kT << e2Nimp, where
Nimp = 1/l is linear impurity density, l being the av-
erage distance between impurities along the conducting
chains. Then one can speculate that in nominally pure
quasi-1D materials unusual low temperature features of
the CDW conductors can be related to formation of the
LL phase at low temperatures, characteristic tempera-
ture being small due to small impurity density.

Here we calculate heat capacity of LL stabilized by
impurities trying to understand whether the observed
magnetic field dependence of heat capacity can be re-
lated to formation of the LL state at low temperatures.

In the frame of Tomonaga-Luttinger model the en-
ergy of electronic states on each segment can be repre-
sented as a sum of contributions due to zero-modes and
due to excitations. We study the case when the tem-
perature is low enough and less than excitation energy,
thus zero-modes contribution prevail, and the energy εi

needed to form zero-mode state on segment i is

εi = εiρ + εiσ

εiρ =
ω0ρ(ξi − niρ)2

4
, ω0ρ =

πvF

K2
ρ li

εiσ =
ω0σn2

iσ

4
+ hTniσ, ω0σ =

πvF

li
,

here we assume that interaction is spin-independent,
h = µBH/T is the dimensionless magnetic field, µB

is electronic magneton, li is the length of segment i,
ξi =

√
2δϕi/π, |ξi| < 1,

√
2δϕi is modulo 2π residue

of 2kF li; niρ and sniσ are the extra charge and spin in
segment i, respectively. niρ + niσ must be even num-
ber and this limitation breaks spin-charge separation
for bounded LL [4]. Kρ is the standard LL parameter
describing the strength of the interaction, Kρ < 1 for
the repulsion.

To calculate the heat capacity we use standard ther-
modynamic approach, according to which the heat ca-
pacity CV is defined by the thermodynamic potential Ω
for the whole sample as CV = −T∂2Ω/∂T 2. To find Ω
we consider the sample as a set of independent segments
of LL separated by impurities, assuming that the chem-
ical potential is fixed and determined by condition that
number of the particles in the sample is equal to the av-
erage value. Due to additivity of potential Ω of different
segments, to calculate specific heat we need to find the
average potential Ω of a segment. In turn, potential Ω
of segment i can be found according to standard rela-
tion Ωi = −T ln Zi. Finally, we find the expression for
the heat capacity

cV =
1

T 2

〈
〈ε2i 〉T − 〈εi〉2T

〉
ξ
, (1)

here 〈〉T denotes thermodynamic average and 〈〉ξ de-
notes the average over the segments.

To calculate thermodynamic averages, we take into
account that at low temperatures contribution to Z (for
the brevity we will drop index i) of terms with |nρ| > 2
will be exponentially small, so we restrict our consid-
eration only by 5 states (nρ = 0, nσ = 0) and (nρ =
±1, niσ = ±1): Z = 1 + e−(ε++h)/T + e−(ε+−h)/T +
e−(ε−+h)/T + e−(ε−−h)/T . Here ε± = (ξ0 ± ξ)ω0ρ/2
is the energy needed to add (remove) extra electron,
ξ0 = (1 + K2)/2.
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FIG. 1: Numerical results for dependence of dimension-
less heat capacity cV (h) on h = µBH/T obtained for
T/ω0ρ = 1/50. Dimensionless cV is measured in units of
c0 = kBCimp/ρs2d, where kB is Boltzman constant, s is the
interchain distance, Cimp is the number of impurities per
lattice cell and ρ is the material density and d is interatomic
spacing in chain direction.

In this approximation (1) reads

cV = 2
〈

2h2(e−2ε+/T + e−2ε−/T )
(1 + 2e−ε+/T cosh h + 2e−ε−/T coshh)2

+

(ε2+ cosh h− 2hTε+ sinh h + h2T 2 coshh)e−ε+/T

T 2(1 + 2e−ε+/T cosh h + 2e−ε−/T cosh h)2
+

(−2hTε− sinhh + ε2− cosh h + h2 cosh h)e−ε−/T

T 2(1 + 2e−ε+/T cosh h + 2e−ε−/T cosh h)2

〉

ξ

,

(2)
here we omit exponentially small term proportional to
e−(ε++ε−)/T .

Since kF li À 1 averaging over ξ and li are almost
independent. If impurities are distributed uniformly,
for the distribution of the segment lengths we can use
exponential distribution describing a Poisson process.
The average (2) over ξ can be calculated analytically,
but the expression obtained is rather cumbersome, so
we consider some limiting cases.

In low temperature limit in the case of zero magnetic
field heat capacity is linear

cV (T ) ' −4 dilog(3)
ω0ρ

T ' 5.7
ω0ρ

T,

here (ω0ρ)−1 = Kl/πvF and dilog(x) =
∫ x

1
(1 −

t)−1 ln t dt.
If magnetic field in not zero and not very large, so

that cosh h ∼ 1, the contribution to the specific heat
produced by the transition from state with nσ = −1 to
the state with nσ = +1 is not exponentially small, so
the whole region |ξ| > ξ0 contribute to the specific heat.
This contribution is described by the first term in (2)

cV (h) ' x2

cosh2 x
(1− ξ0).

Typical magnetic field dependence of heat capacity cal-
culated numerically is presented on Fig.1. Its shape
resembles the result expected for the case of contribu-
tion to heat capacity from magnetic impurities with spin
1/2.

The calculations above were made in the frame of the
Tomonaga-Luttinger model that ignores the long-range
nature of Coulomb interaction. Now we discuss briefly
qualitative modifications of the results for the case of
long-range Coulomb interaction between electrons. An
important consequence of the long range interaction is
the formation of the soft Coulomb gap around the Fermi
energy. We expect that the Coulomb gap should de-
crease the heat capacity by additional factor of the or-
der of T/ω0ρ, but it should not modify qualitatively the
magnetic field dependence of heat capacity presented in
Fig.1.

Comparing calculated magnetic field dependence
Fig.1 with corresponding measurements in Ref. [1] we
find that our model provides qualitative description for
the shape of the experimental curve for magnetic field
dependence of low temperature heat capacity. Esti-
mated value of the heat capacity is of the order of the ex-
perimental one if we assume that impurity density Cimp

is about few ppm. For the evaluation we use s ∼ 10Å,
ρ ∼ 5g cm−3 and we estimate c0 as 104Cimp [erg/gK].
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Electro-Optic Studies of the Dynamics of CDW Repolarization in Blue Bronze 
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     In the last several years, microscopic transport [1], 
x-ray [2], and infrared measurements [3] have been 
used to study the interplay between charge-density-
wave strain (i.e. phase gradient) and current in CDW 
conductors.  Strain near the current contacts is believed 
to be necessary to drive phase-slip, through the motion 
of CDW phase dislocations, needed for current 
conversion [1], while at the same time strain competes 
with CDW current flow in the interior of the sample 
[2].  Because its structural and transport properties are 
most coherent, x-ray and transport measurements have 
concentrated on semimetallic NbSe3, but in principle 
semiconducting CDW materials are simpler, since 
there are no uncondensed electrons interacting with the 
CDW deformation [2].  However, for semiconductors, 
only infrared electro-optic measurements have been 
successful in imaging  CDW strain [3,4],  which 
modulates both the density of thermally excited 
quasiparticles and phonon frequencies, resulting in 
small changes in IR absorption and reflection. 
      In this talk, we will describe our use of IR electro-
transmittance to study the dynamics of CDW 
repolarization in blue bronze. A symmetric square-
wave voltage is applied to the sample so the sample is 
oscillating between two states of opposite polarization, 
and relative changes in IR transmission as functions of 
position and square wave voltage and frequency are 
measured. We have observed that repolarization is 
governed generally by two time constants, a relaxation 
time and (inertial) delay time [4].   Their large values, 
typically 0.1 - 1 ms, suggests that the dynamics are 
governed by motion of macroscopic objects, i.e. CDW 
phase dislocations [2].   The relaxation time varies 
inversely with voltage, but no divergence is observed 
near threshold; instead, the distribution of relaxation 
times is observed to broaden.  Most surprisingly, the 
delay time, only weakly voltage dependent, is observed 
to grow rapidly with distance from the current contacts, 
indicating that the inertia is intrinsic to the CDW and 
not due to contact rectification.  In addition, in some 
cases, a low-frequency (< 100 Hz) decay of the CDW 
polarization is also observed. 
         Figure 1 shows the frequency dependence of the 
relative change in transmission, Δθ/θ, at a few square-
wave voltages (referenced to the  electro-optic onset 
voltage) at a point 200 μm from a current contact at T 
= 80 K.  Responses both in-phase and in-quadrature to 
the driving square-wave are shown.  The curves show 
fits to a modified harmonic oscillator equation,  

 
Δθ/θ = Δθ/θ)0/[1 – (ω/ω0)2+ (-iωτ0)γ], 

 
which accounts for the relaxation and inertial delay, but not 
the long-time decay. 
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Figure 1. Frequency dependence of electro-transmission of 
sample 1 at T = 80 K and x = 200 cm-1. 

       
          Both the relaxation and decay times increase rapidly 
with decreasing temperature, but much more slowly than the 
ohmic resistivity, showing that the dynamics are not simply 
related to screening by quasiparticles.  In fact, for a given 
driving force on the CDW (i.e. voltage above threshold), the 
time constants are inversely proportional to the CDW 
current, as shown in Figure 2.  It must be emphasized that, if 
the CDW current is kept fixed as the temperature is varied, 
the time constants do vary considerably. Nonetheless, the  
proportionality between the polarization rates and CDW 
current, for fixed driving force, is consistent with the 
dynamical interplay between the CDW current and strain 
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discussed in References [1,2]; for voltages well-above 
threshold, strain dynamics are controlled by the 
current. 
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 Figure 2.  The dependence of relaxation times and 
resonant frequency, for V = Von + 20 mV, on the CDW 
current for sample 3.  The temperatures are indicated. 
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Disorder has a strong influence on the electronic 
properties of quasi-one dimensional conductors. This is 
especially true in compounds exhibiting a 2kF (or 4kF) 
incommensurate charge density wave (CDW) ground state, 
because disorder acts by pinning the CDW that only an 
applied electric field greater than a threshold value can 
overcome; a feature detected by the observation of non 
linear conductivity phenomena. The task of describing the 
pinning of CDW have attracted numerous theoretical and 
experimental works in the last two decades. Earlier 
structural studies have clearly demonstrated the loss of 
CDW long-range order upon irradiation or doping, but 
despite these observations a clear picture of the CDW 
structure at short and large scales has hardly emerged. In 
this talk we present new X-ray scattering studies based on 
the observation of subtle diffraction effects which enable us 
to precise the nature of the interaction at short scale between 
the 2kF/4kF CDW and substitution defects. 

 
In doped materials the coupling between 

substitution disorder and CDW lattice displacements gives 
rise to interference effects in the diffraction process which 
allow to study the structural pinning mechanism [1,2]. In 
particular, these coupling lead to an intensity asymmetry 
(IA) of each doublet of ±2kF satellite reflections relative to 
those of the pure compound as well as a profile asymmetry 
of each satellite reflections. Both intensity and profile 
asymmetries give access to the local properties of CDW in 
disordered systems including the phase pinning and the 
phase shift of the CDW around impurities. 

 
In substituted organic charge transfer salts of the 

TTF-TCNQ family the intensity asymmetry process is so 
strong that, trough an holographic-like mechanism [3], the 
interference term subtracts intensity to the Laüe scattering 
background giving rise to so-called “white” 2kF/4kF diffuse 
lines which are experimentally observed  (see figure1) [1]. 

 
 Figure 1. “White” line effect for the 1+4kF scattering in 
TTF0.97 TSF0.03 TCNQ. The dotted lines represents the Laüe 
scattering background due to the TTF/TSF substitution 
disorder.  
 
For few percent of substituted molecules, this leads to a 
strong pinning situation where the phase of the CDW on the 
impurity site can be determined. Both the size effect of the 
impurity and electronic modifications (through the 
formation of Friedel oscillations (FOs)) contribute to the 
microscopic mechanism of pinning of the CDW [4]. 
 
In the V- and W-doped blue bronzes (A0..3MoO3- A= K, Rb) 
with few percents of impurity both intensity and profile 
asymmetries of the 2kF CDW reflections are observed 
(figure 2). Their analysis allows to propose a complete 
scenario of the pinning in doped blue bronzes [5]. In 
particular one can clearly distinguish  between the weak 
pinning situation of the blue bronze substituted by the W, 
isoelectronic to the Mo, and the strong pinning situation of 
the blue bronze substituted by the non- isoelectronic V. In 
V-doped samples the strong pinning occurs through the 
formation of FOs which Fourier transform is experimentally 
observed (dotted line in  figure 2) [5,6].   
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Figure 2. Scan through the ±2kF CDW reflections in the 
2.8%V-doped blue bronze showing the profile asymmetry 
of the 2kF CDW reflections. The dotted line represents the 
scattering due to FOs. 
 
The fit of their profile allows to determine the phase shift 
(φ) of the FOs, set in order to screen the excess of charge 
brought by the V impurity, and the damping length ξ of their 
amplitude. Figure 3 summarizes the situation encountered in 
the vicinity of a V impurity. This phase shift process is very 
efficient to break the coherence of the CDW. 

 
Figure 3. Electron density as a function of the unit cell n 
showing FOs merging into the regular CDW. 
The FOs is calculated with a phase shift 2φ=-π (top) which 
screens the negative charge provided by the V5+ with respect 
to the W6+ background and a damping length ξ=8Å. Points 
indicate the Mo atom positions. The dotted line represent 
the regular CDW. Arrows indicate that the effect of the 
phase shift is to expend the CDW, which makes the 
oscillation loose half a period (i.e. one electron) close to the 
defect located in n=0. 
 
 In the 2% W-doped sample, the CDW is weakly pinned in 
domains containing about 20 W impurities and the CDW 
phase is slightly distorted around the W impurities. In both 
cases, the observation of the interference effect allow to 
determine the phase of the regular CDW on the impurity site 

(dotted line in figure 3). In addition, figure 4 shows [5] that 
the vanishing of this pinning interference effect upon 
heating is due to thermally induced fluctuations of the 
phason mode (continuous line in this figure). 
 

 
Figure 4. Thermal dependence of the intensity asymmetry 
term (IA) in the 2.8%V- and  2% W-doped blue bronzes. 
The continuous line is the thermal dependence of the Debye 
Waller term for the phasons. 
 

We summarize these studies by presenting simple 
models of the CDW structure allowing to account for the 
basic features of the experimentally observed diffuse 
scattering [5], namely the low temperature shift of the CDW 
modulation wave vector, the width of the CDW satellite 
reflections, as well as the intensity and profile asymmetries 
of these reflections. 
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We describe an extremely sensitive technique for the 
study of (thermal) expansion of whisker-like samples. The 
method is based on the measurement of the shift of the 
sample middle, which is lifted over the substrate, while the 
ends of the sample are fixed at the substrate. Earlier an 
original interferometric technique had been elaborated for 
this goal [1]. Here we report application of an AFM instead, 
and demonstrate the sensitivity to relative expansion ~10-8-
10-9. As an example, we perform measurements of room-
temperature thermal expansivity α of TaS3, a quasi-one-
dimensional conductor with charge-density waves; in this 
case Joule heating has been used for the variation of the 
sample temperature. We find α=6.5·10-6 K-1, in agreement 
with earlier measurements with another technique [2]. 

 
In [1] a sensitive interferometric technique has been 

demonstrated. It allows measurements of expansion, 
including thermal expansion (TE), of needle-like crystals. 
Practically, a sensitivity to relative length change, 
ΔL/L ~ 5×10–7, has been achieved, which corresponds to 5 Å 
in absolute unites for a 1 mm long sample. The need for the 
techniques has been motivated in [1], and during the latest 
time the topicality of such measurements has increased due 
to the extended development of micromechanical and 
nanomechanical systems (NMS): one needs to detect small 
displacements and deformations of various submicron 
objects, including ferroelectric whiskers [3], carbon 
nanotubes, and even spider silk. All this progress implies 
that the technique [1] requires developments. 

The method proposed in [1] has certain limitations, 
and it would be nice to overcome them. First, it would be 
appealing to improve the sensitivity. The resolution of the 
interferometric technique in our case is restricted by a 
fraction of the light wavelength. The resulting sensitivity is 
not enough to detect, say, small length changes reflecting 
the dynamics of the charge-density waves (CDW), or the 
fine features in TE at the Peierls or superconducting 
transitions. Second, the technique [1] requires samples with 
flat surface with good optical reflection. Third, optical 
technique implies also large enough dimensions of the 
samples: width at least of the order of microns, and length – 
tens of microns. Small (submicron-sized) samples would be 
not only interesting elements of NMS, but are suspected to 
demonstrate unique size effects in (thermal) expansion. 
Fourth, the interferometric method allows to 

Fi
gure 1. A microphotograph of a TaS3 sample (No 1) 
suspended above the substrate (the picture is stretched along 
the z-axis direction). The triangle at the top schematically 
indicates the cantilever needle tip. The sample projection 
length is 1650 μm, d=45 μm, width – 30 μm, R=26 Ω. 

 
detect only the total length change, but not non-uniform 
deformation of the samples. 

Here we propose an application of an AFM instead 
of the optical method for the detection of sample 
displacements. The sample configuration is the same as in 
[1]: the ends are fixed at the substrate and the middle is 
lifted slightly, so that the sample forms an arc. Fig. 1 shows 
a photograph of such a sample. The length of the arc was 
calculated [1] as the starting point. In case of a length 
change ΔL the vertical displacement of the middle Δz can be 

much larger (for a circular arc z
L

d
L Δ≈Δ

3

16
 [1]). zΔ  is 

registered by the AFM as the deflection of the cantilever in 
the z-direction, and the new length is calculated on the 
assumption of uniformity of the profile change: 
Δz(x)/z(x)=const   for all x [1]. This assumption means the 
absence of the sample shift in the x direction, which can be 
controlled by the AFM.  

For the studies we arranged two room temperature 
AFMs: “FemtoScan” and “NTEGRA-Prima” (NTMDT). 
The whisker width was 10-30 μm, so that it was possible to 
position the sample under the cantilever tip. The pictures of 
the surface were not affected by the sample sagging under 
the tip. The cantilever-approach curves were nearly identical 
for the sample and the substrate. However, for the most 
rigid cantilevers (~0.6 N/m) and the thinnest samples a 
slight difference could be seen between the sample and 
substrate approach curves. This indicates the sample rigidity 
of the order of units of N/m. Fig.2 shows the dependence of 
Δd on voltage V applied to the sample. The quadratic 
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dependence z(V) reveals the heating origin of the d change. 
The insets show time domains z(t) when voltage pulses were 
applied to the sample. At short time scales overshoot is seen 
with time constant about 3 ms, typical for the heating 
process. The noise is seen to be about 0.3 nm.  

From Fig.2 we can see that for V=87.3 mV  
Δz=70 nm, which gives ΔL/L=8.75·10-6. At the same time a 
small x-axis shift about 20 nm (Δx<<Δz(L/d)) is observed, 
which gives a negligible error to the ΔL calculation. To 
know the Joule heating we separately measured R(T) and 
R(V) dependences in the room-temperature region, where R 
is the sample resistance. As R grows with T – d(ln(R))/dT 
=1.05·10-3 K-1, it appears also to grow quadratically with V: 
d(ln(R))/d(V2) = 0.18 V-2. From this we find: dT/d(V2) = 
171 K/V2 and thermal expancivity α = 6.7·10-6 K-1. A close 
value can be found from [4]. For two other samples we 
found close values of α: 6.6·10-6 K-1 and 6.2·10-6 K-1 (the 
NTMDT AFM was used in the latter case).  

The z-axis noise about 0.3 nm corresponds to the 
limiting resolution ΔL/L=3·10-8. For other AFM 
constructons the noise is known to be about 0.01 nm, so 
resolution ΔL/L ~ 10-9 is expected for the particular sample 
configuration. (It could be still improved by an order of 
magnitude: it is not a problem to make an arc approximately 
10 times lower - see Fig. 1). Such resolution would be 
enough to study the finest effects of CDW-lattice 
interaction.  

Joule heating is good for measurements of TE only 
as long as it is the only one reason for the R(V) curves to be 
non-linear. In other cases temperature variations of the 
whole set-up are required, which could cause a z-axis drift. 
However, we hope that the effect of the TE “magnification” 
in the arc configuration, i.e. the large value of Δz in 
comparison with ΔL, would make the sample length 
variation to dominate over the drift. 

Thus, the proposed way of AFM application 
appeared to be an extremely sensitive way of expansion 
studies of whisker-like samples. Heating of a sample by less 
than 0.1 K would be enough for the measurements of TE 
coefficient. With the softest cantilevers the method could be 
applied to samples about 1 mm long and transverse 
dimensions down to units of microns. Studies with a low-T 
AFM are planned. Also, the ability of an AFM to measure 
the displacements of the sample in the x-y plane could be 
applied for studies of non-uniform sample deformations. 

 
Figure 2. An example of Δz(V) dependence for the sample 
No 1. The solid line follows Δz ∝ V2. The insets show two 
time domains Δz(t), while voltage pulses 87.3 mV (the left) 
and 29.1 mV (the right) are applied. From the left picture 
(ms time scale) the thermal relaxation time about 3 ms can 
be found. 
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We will review recent theoretical results obtained in 
relation with the very low temperature energy relaxation 
experiments in charge and spin density wave carried out in 
the CRTBT, Grenoble. The time dependent contribution to 
the specific heat is related to strong pinning impurities that 
lead to metastability even for independent impurities. 
However the model of independent impurities can hardly 
account for the power-law relaxation and the broad spectra 
of relaxation times. We have shown that collective effects 
among randomly distributed solitons can explain the 
experimental observations. The classical model is treated by 
dynamical renormalization group to obtain the spectrum of 
relaxation time following a quench. The experimentally 
relevant case of a small temperature perturbation is treated 
by an approximated model that behaves like the random 
energy model introduced in the context of glasses and spin 
glasses. Within this approximate model we can discuss the 
waiting time effects. We find a striking difference between 
the commensurate and incommensurate cases in the 
classical limit, that goes even beyond the differences 
observed in experiments. Finally we will discuss also the 
occurrence of a quasi-equilibrium power-law contribution to 
the specific heat on the basis of a model of substitutional 
disorder previously introduced for a spin-Peierls system, 
that we have generalized to the incommensurate case 
through Green's function techniques. The degeneracy 
between the solitons or edge states due to different 
impurities is lifted by the interaction through Friedel 
oscillations, that generate power-laws in the specific heat 
and susceptibility. Finally we will discuss the effect of a 
magnetic field in a spin density wave described as two out-
of-phase charge density waves. We propose a model in 
which spin degrees of freedom coexist with the 
deformations of the spin density wave. The ground state is 
shown to be unstable against the nucleation of spin 
polarized pairs of solitons and antisolitons. The model 
explains the qualitative features of the experiments in a 
magnetic field (hysteresis in a magnetic field, huge specific 
heat in a magnetic field not related to defects, increase of 
the specific heat in a magnetic field). 
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 Low temperature state of charge density waves – facts and fiction  
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Charge density wave (CDW) ground state consists of 
coherent superposition of bound electron-hole pairs from 
opposite sides of quasi one-dimensional (q1d) Fermi surface 
with 2kF common wavevector [1]. The properties of new 
state at sufficiently low excitation energies can be described 
by spatio-temporal variations of corresponding order 
parameter. As CDW has zero net spin, majority of CDW 
models does not discriminate between different spin 
channels and, moreover, consider only the low lying 
excitations of CDW phase (phasons).  

So called Fukuyama-Lee-Rice model [2] of elastic 
CDW has been particularly successful in explaining 
numerous phenomena observed experimentally in the 
temperature range not too far below the Peierls transition 
temperature TP. In this model interaction of CDW with 
impurities or commensurate lattice sets the preferred phase, 
while the residual free carriers screen electrostatically the 
phase distortions. Qualitative changes in CDW behavior 
occurring below about TP/4, such as transition from 
activated to hopping conductivity [3], have been usually 
attributed to the disorder and not considered specially. 

However, a series of low temperature heat capacity 
(cp) measurements [4] have demonstrated markedly glass-
like properties of basically all CDW systems known, such as 
the existence of Boson peak, power-law contribution to cp , 
non-exponential relaxation and ageing. Subsequent 
dielectric measurements [5] have shown that there exists a 
dynamical glass-like transition below TP at which a subset 
of CDW degrees of freedom freezes. In conjunction with 
previous results, it led to the idea of the existence of new 
low temperature CDW glass phase. Recent measurements, 
such as the conductivity of thin and doped samples [3], 
photoconductivity [6], magnetic susceptibility [7] and 
magnetic field dependence of heat capacity [8] corroborate 
this idea. Moreover, several new approaches are currently 
considered in order to explain these new findings.  

Low temperature heat capacity of different CDW 
systems can be decomposed in several contributions, as 
shown in Fig. 1 for K0.3MoO3 [4]. In addition to the regular 
(Debye) one, a power-law contribution cp~Tν and a 
maximum in cp/T3 (Boson peak) are found. These are 
generic features of glasses which are attributed to localized 
vibrational modes induced by the frozen-in disorder.   Such 
features have definitely not been expected for the system 
with regular crystalline structure and CDW superstructure, 
which is moreover insulating at these temperatures. 

In glasses the Boson peak has been explained as the 
contribution from the high frequency scattering of acoustic 
modes on short range order domains. In CDW systems a 
similar model of acoustic-like phason modes scattering on 
the frozen-in phase domains successfully describes the 
Boson peak. However, in CDW it introduces a low 

frequency cutoff, i.e. a small gap in the phason spectrum, as 
typical domains sizes are of the order of μm.  
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Figure 1. Heat capacity cp of K0.3MoO3 presented as cp/T3. 
Solid line is the fit to the gapped phason model and the 
dashed line is the low temperature power-law contribution. 
Inset is corresponding plot for SiO2 glass. 

The origin of the power-law contribution ascribed, in the 
analogy with glasses, to the low energy excitations (LEEs) 
has been elucidated only recently, thanks to the precise 
magnetic susceptibility (χ) measurements [7] presented in 
Fig. 2 for o-TaS3. It turned out that below about 100 K χ 
follows the power law as well, χ~Tα and that this exponent 
is related to ν from cp measurements as α=ν-1. 

T (K)
10 100

χ  
(e

m
u/

m
ol

)

10-5

10-4

χ

T (K)0.1 1

C
LE

E
 (e

rg
/g

 K
)

30

10

100 pure
doped

~T0.32
~T-0.69

 
Figure 2. Magnetic susceptibility χ of o-TaS3. In the inset 
is the LEEs contribution to cp. 
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Such correspondence is typical for random exchange 
Heisenberg antiferromagnetic chain (REHAC), consisting of 
isolated spins in 1d. The linear density of spins estimated 
from REHAC model matches well the average distance 
between the edges (walls) of CDW domains.  

Finally, recent heat capacity measurements [8], 
presented in Fig. 3 for o-TaS3, have demonstrated strong 
magnetic field dependence which includes irreversible 
changes and hysteresis as well.   

 
Figure 3. Magnetic field dependence of cp of o-TaS3 at 100 
mK. 

In summary, these measurements indicate that at 
sufficiently low temperatures the CDW phase domain 
structure becomes frozen and develops a finite magnetic 
moment. We believe that the key for understanding these 
low temperature properties can be found in our 
measurements of the low frequency dielectric response [5].  

We have found that the relaxational dynamics of 
CDW changes qualitatively at finite temperature. The 
relaxational process dominant below TP (named α) freezes 
at finite temperature Tg (glass transition temperature), as 
presented in Fig. 4 for K0.3MoO3 and o-TaS3. It means that 
the corresponding degrees of freedom do not contribute to 
the response of CDW system at lower temperatures.  
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Figure 4. Temperature dependence of the relaxation times 
of two processes observed in K0.3MoO3 and o-TaS3. The 
temperature scale is renormalized to Tg equal 23 K and 50 K 
respectively. 

Extensive theoretical work [9] has demonstrated that 
α process corresponds to the local modes of elastic CDW in 

FLR model, so below Tg, where these local modes are 
frozen, FLR model is no longer applicable. The freezing can 
be naturally attributed to the Coulomb hardening of CDW 
when long range spatial distortions of (charged) CDW are 
not allowed in the absence of free carrier screening. It 
occurs when there is less than one free carrier per phase 
domain, as can be estimated from experiment [5]. 

Above Tg another process (β) at higher frequencies 
emerges from α process, becoming dominant below Tg. We 
have attributed it to the local topological distortions of 
CDW phase (solitons) which are allowed near impurities 
even at low temperatures due to the nonlinear screening 
[10].  According to recent photoconductivity [6] and 
conductivity of thin and doped samples [3] measurements, 
localized (soliton-like) excitations are indeed dominant 
mechanism of conductivity in the absence of Fermi-like free 
carrier contribution. However, in order to exist in 3d, these 
solitons are required to have both spin and charge 
component [11], which would lead to magnetic effects as 
well.  

Two new approaches are currently considered. One 
is the model of Luttinger liquid state stabilized in 3d 
through localization by impurities [12], which gives 
naturally the variable hopping conductivity observed at low 
temperatures and allows for magnetic degrees of freedom as 
well [13].  Another one considers decoupled spin channels 
in modeling the solitons localized at impurities [14] in order 
to incorporate the magnetic field effects. 

In conclusion, it is evident that there exist a 
quantitatively distinct low temperature state of CDW 
systems in which phase domains are frozen and the 
dynamics is due to the topological distortions. Unusual 
magnetic field dependence and exciting new models make 
the CDW systems interesting even 30 years after discovery. 
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Polaronic contributions to the phonon propagator
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Polaronic effects have been reported in a number
of experiments on systems ranging from colossal mag-
netoresistive manganites to high-Tc superconductors,
which are currently the subject of great scientific in-
terest [1]. In this context, a better understanding of
the polaron states is of particular importance. How-
ever, the corresponding structural factors, amenable to
precise measurements by the diffuse x-ray and neutron
scattering, have not been calculated previously. Here,
using the discrete 1D Holstein model, the phonon prop-
agator is found within the translationally invariant po-
laron theory. This can be immediately compared to
recent neutron diffuse scattering (Huang scattering) or
pulsed neutron-diffraction measurements [2].

The Holstein polaron arises from the local interaction
of the electron in the nearest-neighbor tight-binding
band with the dispersionless branch of optical phonons.
The Holstein Hamiltonian is given by

Ĥ = −2t
∑

k

cos(k) c†kck + ω0

∑
q

b†qbq

− g/
√

N
∑
k,q

c†k+qck (b†−q + bq) , (1)

where N is the number of lattice sites (N → ∞). c†k (ck)
and b†q (bq) are the creation (annihilation) operators for
the electron state with momentum k and phonon state
with the momentum q, respectively.

The phonon propagator is defined as

DQ(t) = −i〈Ψ0|T̂ [bQ(t)b†Q]|Ψ0〉 , (2)

where |Ψ0〉 is the ground state of the electron-phonon
system. The phonon spectral function FQ(ω) =
−π−1ImDQ(ω) is even in Q and generally asymmet-
ric in ω. FQ(ω) may be used to spectrally resolve the
boson commutation relation

∫ ∞

0

[FQ(ω) − FQ(−ω)] dω = 1 . (3)

The mean number of phonons with the wave vector Q
present in the ground state is given by

N̄ph
Q = 〈Ψ0|b†QbQ|Ψ0〉 =

∫ 0

−∞
FQ(ω) dω . (4)

The properties of the general expressions for FQ(ω)
can be further specified for the polaron problem. The

polaronic correlations manifest themselves in the for-
mation of coherent polaron bands below the phonon
threshold |ω| < ω0. Accordingly, the low-frequency
coherent part of the spectral function FQ(ω) can be
expressed in terms of translationally invariant polaron
states,

FQ(ω) = F<
Q (|ω| < ω0) + F>

Q (|ω| ≥ ω0)

F<
Q (ω) =

|ω|<ω0∑
i

F
(i)
±,Q δ(ω ∓ E

(i)
Q ± E0) , (5)

with

F
(i)
+,Q = |〈Ψ(i)

Q |b†Q|Ψ0〉|2 , F
(i)
−,Q = |〈Ψ(i)

−Q|bQ|Ψ0〉|2 ,

where E
(i)
K and |Ψ(i)

K 〉 are the energy and the wave
function of the translationally invariant polaron states,
and where K and i are used to denote the momen-
tum and the number of the polaron band, respectively.
In the absence of electrons, the phonon propagator is
purely local, having a trivial temporal dependence, i.e.,
FQ(ω) = δ(ω − ω0). The phonon spectral weight for
|ω| < ω0 in Eq. (5) is therefore entirely due to the cou-
pling with the electron, F<

Q (ω) ∼ 1/N .
For brevity we will consider here only the polaron

density of states (DOS),

S(ω) = 1/N
∑
i,K

δ(ω − E
(i)
K ) ,

the phonon density of states (PDOS), F (ω) =
1/N

∑
Q FQ(ω), and the electron density of states

(EDOS),

A(ω) = 1/N
∑
i,K

|〈Ψ(i)
K |c†K〉|2 δ(ω − E

(i)
K ) .

These quantities are reported in Fig. 1 for the crossover
regime between the free-particle-like and strongly
pinned polaron states. The left column of panels
presents the coherent low-frequency features at the
strong-coupling side of the crossover regime, g/ω0 =
3.35, whereas the weak-coupling side of the crossover
regime is analyzed in the right column, g/ω0 = 2.9.
For the former case the polaron effective mass is large,
mpol/mel ≈ 100, while for the latter case it is within

1

ddominko
Text Box
34



Skradin, Croatia June 29.-July 3. 2006.

-13.5 -13
0

20

40

-12 -11.5

0 0.5 1
0

20/N

40/N

0 0.5 1

-13.5 -13 ω0

0.2

0.4

-12 -11.5 ω

a)

b)

c)

d)

e)

f)

DOS DOS

PDOS PDOS

EDOSEDOS

F(ω>0)

F(ω<0)

F(ω<0)
F(ω>0)

FIG. 1: The polaron (DOS), phonon (PDOS), and electron
(EDOS) density of states for frequencies below the phonon
threshold. The first and the second column of panels are
given for g = 3.35 and g = 2.9, respectively, with t = 5 in
both cases. The amplitude of the PDOS exceeds the range
of values shown in Fig. 1b.

the order of magnitude of the electron effective mass,
mpol/mel ≈ 5.

The DOS in Fig. 1a contains three distinct fea-
tures, each corresponding to one of the three lowest
polaron bands. Three distinct contributions may also
be observed in the PDOS of Fig. 1b. The low fre-
quency feature in Fig. 1b is given by the narrow low-
est band, for which the phonon spectral weight behaves
approximately classically, F (ω) ≈ F (−ω). The weak
Q-dependence of the phonon spectral weight (small-
polaron distortion) of the lowest band is weak and there-
fore the PDOS and DOS for this lowest band have a
similar shape. The considerable flattening of the lowest
polaron band toward the edge of the Brillouin zone is
the reason for the more pronounced singular behavior
of the DOS (and the PDOS) at the top rather than at
the bottom of the band. The phonon spectral weight
assigned to the excited bands, accruing only for ω > 0,
exhibits a strong Q-dependence [3]. This explains the
substantial difference in the shape of the DOS in Fig. 1a
and the PDOS in Fig. 1b for frequencies corresponding
to the two excited bands. The most significant con-
tributions to the EDOS in Fig. 1c involve the i = 0
and i = 1 states near the bottom of the bands. The
contribution of the i = 2 band to EDOS in Fig. 1c is
very small because of its parity properties. Namely, the
K = 0 and K = π states of the i = 2 band are odd

under space inversion, with no overlap whatsoever with
the free electron state of even parity.

For g/ω0 = 2.9 the stable polarons are small
and light, exhibiting particularly interesting proper-
ties. Figure 1d shows the polaron spectrum below the
phonon threshold consisting of two coherent bands. The
PDOS is shown in Fig. 1e. For the lowest band F (ω)
shows notable asymmetry in ω, which means that the
local lattice distortion begins to exhibit significant low-
frequency quantum fluctuations associated with the po-
laron motion. Such quantum behavior is an indication
of nonadiabatic effects. In contrast, the adiabatic effects
are manifested themselves as a softening of the intrap-
olaron phonon mode. This softening is represented in
Fig. 1e by the excited band contribution, found only for
ω > 0. The EDOS in Fig. 1f is, in a manner similar to
that seen in Fig. 1c, characterized by two pronounced
singularities at the bottom of the polaron bands. For
g/ω0 = 2.9 (as opposed to g/ω0 = 3.35) the polaron
states are lighter for the lowest band than they are for
the excited band.

In conclusion, the lattice correlations change re-
markably among different regimes of parameters. The
crossover regime considered here connects two essen-
tially different limiting behaviors obtained for strong
and weak couplings, respectively. In the strong-
coupling limit (self-trapped polarons) the phonon spec-
tral weight at very low frequencies describes a classical
lattice distortion, while for frequencies corresponding to
the soft intrapolaron phonon modes, the spectral weight
is typical for harmonic dynamics. The small |ω| contri-
bution, defined by the distortion in the ground state,
corresponds to the additional spectral weight that is
found with respect to the free lattice. The phonon
softening involves the transfer of the spectral weight
from the unperturbed frequency ω0 to lower frequen-
cies. As the slow quantum motion of the self-trapped
polaron only weakly affects the local dynamics, the Q-
dependence of the phonon spectral functions describes
the local spatial correlations. On the contrary, for weak
couplings the polaronic distortions exhibit strong nona-
diabatic quantum fluctuations due to the exchange of
momentum between the electron and lattice subsys-
tems.
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Slow electron relaxation in disordered insulators: existence of the Coulomb glass?  
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Remarkably slow relaxations of the electronic 
properties have been measured on some disordered 
insulators at low temperature. For example, when used as 
the conducting channel of a MOSFET like device, such 
systems display an original field effect. When the gate 
voltage is swept, the conductance has a minimum about the 
cooling gate voltage. This minimum responds very slowly to 
a change of temperature or equilibrium gate voltage (see 
figure 1 below) and shows memory and aging effects. 
Response time can be as long as days at liquid helium 
temperature! These effects have been studied in detail in 
indium oxide thin films (InOx) [1], and in granular Al thin 
films were we showed that the very same phenomena are 
present [2]. In this last system, Al grains of nanometric size 
are surrounded by a thin insulating layer Al-Ox and the 
electron transport is believed to occur by tunnelling through 
the insulator. Our findings suggest a common origin to these 
glassy effects, in spite of apparently different 
microstructures of the disordered systems. 

 

 
Figure 1. Field effect measurement at 4.2K on a MOSFET 
device, the conducting channel being a weakly insulating 
granular Al thin film (R□=1.3GΩ).  The upper curve is taken 
after the sample has equilibrated at Vg=0V. The lower 
curves, shifted for clarity, describe how the conductance 
goes back to equilibrium after a change of Vg to 3V for 3 
hours. A new minimum has formed at 3V, which slowly fills 
up with time while the 0V dip amplitude increases. Time 
delay between the different curves is 24 minutes. 

 

Two models have been proposed in order to explain 
these slow electron relaxation phenomena. According to the 

first one, they stem from a glassy state of the electrons 
induced by disorder and long range electron-electron 
interactions in the insulating phase. This state is the so 
called Coulomb glass, theoretically predicted more 
than 20 years ago [3]. The second one, introduced in 
order to explain capacitance measurements on granular 
metals [4], suggests that slow electron relaxations 
come from interplay between the Coulomb blockade on 
the metallic grains and a slow dynamics of the 
insulating layer polarisation around the grains.  

In this presentation, we will describe the glassy 
behaviour observed on Al granular thin films. The 
results will afterwards be compared with other 
experiments, in order to bring out arguments against 
and in favour of the two different models.  
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It is well known that exchanging Se for S or using a 

different anion X leads to the unified phase diagram for the 
highly anisotropic (TMTCF)2X salts (where C = Se, S and 
anion X= PF6, ClO4, AsF6, …) that extend from more 
anisotropic C = S to C = Se [1,2]. These compounds realize 
various ground states by modifying C and anions (X) and/or 
using the external pressure. Recently, at the more 
anisotropic C = S side of unified phase diagram a new type 
of phase transition related to charge disproportionation 
along the molecular stacks was identified [3,4]. The charge 
ordered (CO) ground state is of ferroelectric nature. 
(TMTTF)2AsF6 is a good choice for characterization of CO 
transition from transport measurements.  

Like other C = S salts it is typically 20 times less 
conducting at room temperature than the C = Se salts. 
Below a broad minimum near Tρ ≈ 240 K the resistivity 
along the highest conductivity direction (a) increases on 
cooling, which is attributed to the opening of a charge gap 
Δρ = Δa, and is considered to be a continuous charge 
localization due to the anion potential (lattice dimerisation). 
The anomaly in resistivity at TCO ≈ 100 K has been recently 
clarified by the discoveries of the huge anomaly in the 
dielectric susceptibility ε [3] and of the charge ordering 
(CO) seen by NMR [4]. The CO transition is followed by a 
steep increase of the conductivity gap Δ but with no 
appearance of the spin gap [5].  

Fig. 1 shows the temperature dependence of the 
resistivity in the temperature range 77 K < T < 300 K, 
measured along the three different crystal directions. The 
room temperature conductivity values for σa, σb’ and σc* are 
(15 ± 5)(Ω cm)-1, (0.3 ± 0.1)(Ω cm)-1 and (1.5 ± 0.5)(Ω cm)-1 
respectively. The ρa(T) results are in a good agreement with 
the previously published data [5] while ρb’(T) and ρc*(T) 
results were not measured up to now. The metallic like 
behavior is found only for the highest conductivity direction 
a at Tρ > 240 K. Below Tρ, ρa(T) increases on cooling down 
to TCO ≈ 100 K  where the steep increase of the conductivity 
gap occurs. Both perpendicular directions resistivities, along 
b’ and c* axis, do not show indication of metallic like 
behavior. Note that there is also no change in ρb’(T) and 
ρc*(T) slope around Tρ, i.e. the resistivity minimum 
temperature for a axis. Instead, resistivity increases 
exponentially from room temperature down to TCO, where 
we observe the sharper change in slope than for a axis. 
Using the phenomenological law for a simple 
semiconductor: ρ ~ exp[Δ/kBT], we obtain the values for the 

conductivity gap Δ along three axis that are indicated on 
Fig. 1. The anisotropy in Δ values below TCO transition may 
be the consequence of the uniform shift of ions yielding a 
macroscopic ferro-electric polarization as predicted in 
analysis of dielectric measurements [6].  
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Figure 1. Resistivity ρ vs 1/T, for a, b' and c* axis. 

 
Fig. 2 shows a second derivation of logarithm of 

resistivity vs inverse temperature for all three directions, 
where a maximum indicates the CO transition temperature.  

We also present the high-temperature Hall effect 
results for (TMTTF)2AsF6 with a focus on the temperature 
region around CO transition. For T > 200 K the constant 
Hall coefficient, showing strong reduction in number of 
carriers participating in dc transport, as well as good 
agreement  with  the  power  laws  predicted  for   ρ׀׀(T)  and 
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Figure 2. Second derivation of logarithm of resistivity vs 
inverse temperature. 

 
 
ρ┴(T) from existing Luttinger-liquid theory model, were 
interpreted as an evidence for non-Fermi liquid behavior [7]. 

The increase of RH(T) with temperature decrease 
below Tρ is expected because of gradual localization of 
charge carriers. However, the abrupt change in RH(T) i.e. the 
change of sign around TCO is found. Below TCO RH(T) 
rapidly increases with further temperature decrease, i.e. the 
Hall resistance is activated as expected for semiconductor. 
The question arises why the pronounced change in RH(T) 
occurs well below Tρ, i.e. not until charge ordering 
transition TCO, where an increase of the conductivity gap is 
identified. The possible interpretation is as follows. ρa(T) 
below Tρ can be analyzed using ρa(T) = ρmin exp[Δa(T)/kBT] 
in which all the thermal evolution is included in the function 
Δa(T), defined as T–dependent energy gap and ρmin = ρa(Tρ), 
i.e. the resistivity value just above Tρ ≈ 240 K (Fig. 3). Δa(T) 
is opening gradually with cooling, starting from zero at Tρ. 
As long as Δa ≤ kBTρ the increase in RH(T) below Tρ 
indicates a decrease in number of carriers (holes). In the 
semiconducting phase around TCO an increase in Δa(T) 
occurs ensuring Δa > kBTρ. In line with these, the abrupt 
change in RH(T) around TCO demonstrates a phase transition 
to an insulating charge ordered state.  
          We conclude that the steep increase of the 
conductivity gap below TCO in resistivity manifest as an  
abrupt change in RH(T) behavior reflecting the exponential 
freezing out of the carriers below TCO. 
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Figure 3. Temperature dependence of the Hall coefficient 
RH around TCO. Below: Activation energy Δa vs. temperature 
calculated for the a axis assuming Δa(T) = kBT ln(ρa/ρmin), 
see text. 
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For long time physicists have considered structural 

degrees of freedom as fully decoupled from electronic or 
magnetic ones, explaining physical properties always by 
extreme schemes. An illustration of this situation can be 
simply found in the divisions of any physical society 
worldwide or in a lot of scientific journals in that field! But 
since recently flourish examples of solids where it is 
essential to consider strong coupling of structural and 
electromagnetic degrees of freedom to understand the new 
physical behaviour. Such a situation is more and more often 
observed for systems rich in electrons, and is at the origin of 
extremely diverse and original electronic properties (new 
supraconductivity, non-linear resistance effects, ultra-fast 
opto-electronic switching…). This is particularly true for 
organic materials, in particular for those containing π-
electrons, which can be easily delocalized even by weak 
external interactions (temperature, pressure...). From that 
point of view, the charge transfer (CT) complexes, based on 
organic molecules, either electron donor or electron 
acceptor, form a very attractive family. The molecular 
packing, either ‘seggregated’ or ‘mixed’, has a direct 
incidence on the conduction state of the material, conductor 
for the former, insulator for the latter. All present original 
but different electronic instabilities where strong electron-
phonon coupling and low-dimensionality effects, directly 
due to the molecular packing, play both key roles. While 
organic conductors are characterized by creation charge or 
spin density waves at low temperature or under pressure, 
mixed stack CT complexes, on which we will concentrate 
this presentation, are more typical of the neutral-to-ionic 
phase transition. It is an unusual solid-state phase transition 
associated with a collective electron transfer from the 
electron donor molecule to electron acceptor molecule along 
the stack [1]. The cooperative electron transfer changes the 
molecular identity (drastic increase of the molecular charge 
from D0 A0 to D+A-) and is accompanied by a symmetry 
breaking (creation of (D+A-) pairs). This phenomenon 
presents evident similarities with the charge ordering phase 
transition observed the (TMTTF)2X [2], but with here the 
‘disproportionation’ and the dimerization taking place 
between molecules of different nature. With regards to the 
regular N chains, the dimerization distortion for the I chains 
is associated with the inversion centre loss with two possible 
degenerate ferroelectric states (Figure 1). At finite 
temperature, localized CT exciton strings, made of hundreds 

of adjacent (D+A-) excited pairs along the stack [3] may be 
thermally induced: … D°A° (D+A-) (D+A-) (D+A-) D°A°… 
and explain the unusual solid-liquid-gas like phase diagram 
[4] as well as the original photo-induced phase 
transformations observed in the prototype TTF-para-
Chloranil [5]. However it remains fundamental questions 
such as the actual universality of the solid-liquid-gas phase 
diagram for the N-I transition or the crossover from thermal 
to quantum mechanism responsible of the N-I transition 
when it goes to take place in the ground state, recently 
observed [6], that will be discussed here. 

 

 
Figure 1. Schematic drawing of a mixed stack CT complex 
and of the associated multistable potential. 
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Quasiparticles and Coulomb effects in CDW conductors
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The most interesting features of CDW conductors are
caused by collective degrees of freedom related to mo-
tion and deformations of the CDW described in terms
of the amplitude ∆ and the phase ϕ of the CDW order
parameter. In contrast to purely 1D electronic systems
where single-particle excitations do not exist, quasi-1D
conductors are strongly anisotropic 3D conductors, and
single-electron quasiparticles are allowed. So the col-
lective mechanism of transport related to the CDW
coexists with single-particle contribution to transport
phenomena. Single-particle excitations strongly effect
CDW degrees of freedom due to screening of charge per-
turbations induced by the CDW deformations. Such a
system can be described by means of the mean-field the-
ory applicable not very close to the Peierls temperature
[1]. Equations of motion for the CDW order parame-
ter and expressions for current and charge densities can
be written based on phenomenological considerations.
However, some important details are often ignored in
the phenomenological approach. So we discuss equa-
tions derived from quasiclassic equations for Green’s
functions [2] paying attention to physical meaning and
not to a formal derivation.

Below the Peierls transition majority of the CDW
conductors become semiconducting because of forma-
tion of the CDW energy gap at the Fermi energy. How-
ever, some CDW conductors, like NbSe3, contain elec-
trons at the Fermi level even below the CDW transi-
tion. So we consider a model in which the quasi-1D
conductor consists of conducting chains weakly coupled
by small hopping integral, and discuss both the case
when all chains are in the CDW state, and the case
when, in addition to the chains in the CDW state, there
are chains in which the CDW is absent. In the momen-
tum representation the latter case describes a material
in which formation of the CDW gap destroys the part
of the Fermi surface only.

Equation for charge density in chain n reads

ρn = −NCDW
e

π
∂xϕn − 2e

π~vF
NQT sinh µ/T , (1)

where NCDW is the fraction of condensed electrons,
NQ = 1 − NCDW is the fraction of electrons excited
over the gap. At T ¿ ∆, NQ ∝ exp (−∆/T ). As this
condition is valid practically at all temperatures below
the Peierls transition we assume that it is fulfilled. The
first term in (1) describes charge due to perturbation of
condensed electrons. The second term describes quasi-
particle charge density induced by local variations of
the chemical potential, µn(x). This term can be under-
stood in analogy with ordinary semiconductors. The
quasiparticle contribution is often ignored, though it

leads to important renormalizations of the CDW elas-
tic modulus and damping.

The current transported along a chain containing the
CDW has a form.

jn =
e

π
(1− b)

∂ϕn

∂t
− Sσ‖

∂Vn

∂x
. (2)

Here the first term is contribution of the sliding CDW
to the current. The second term presents the single-
particle current driven by the gradient of the electro-
chemical potential, Vn = Φn − µn, where Φ is electric
potential. Conductivity, σ‖, is proportional to NQ, S
is the area per single conducting chain. Factor b ∝ NQ

in Eq. (2) describes a decrease of the current driven by
the moving CDW because some electrons are not con-
densed into the CDW. This factor is related to pertur-
bation of quasiparticle distribution function when the
CDW slides. At low temperatures b is small. Nev-
ertheless, this contribution can be important as it is
related to the part of the quasiparticle current that is
proportional to the CDW velocity. Such a current, for
example, describes decrease of the Hall voltage induced
by the CDW sliding [3]. The Hall voltage decreases be-
cause the CDW sliding itself does not contribute to the
Hall effect, while the single-particle contribution related
to b has the sign opposite to the quasiparticle current
given by the last term in Eq. (2).

Equation for the CDW phase reads

~
2vF

m∗

m

∂2ϕn

∂t2
+ γ0

∂ϕn

∂t
−K0

∂2ϕn

∂x2
+

J
∑
m

sin (ϕn − ϕn+m) + Π{ϕn} = NCDW eEn,(3)

where m∗ is ”the effective mass of the CDW”, K0 =
vF /2 is the bare elastic coefficient, J describes inter-
chain coupling, and γ0 ∝ NQ is the bare friction coef-
ficient. The last term in the l. h. s. presents pinning.
The r.h.s. of Eq. (3) is driving force induced by electric
field that includes both an externally applied field and
the electric field induced by deformations of the CDW.
The latter contribution is often ignored in a phenomeno-
logical treatment. However, it is important because it
renormalizes stiffness [2, 4] and damping [5], and results
in their temperature dependence. From Eqs. (2) and
(3) we see also that the single-particle current and the
CDW are driven by different forces. The force acting on
the CDW is mainly caused by difference of the electric
potentials, while the quasiparticle current is driven by
difference of the electrochemical potentials. This leads
to interesting effects, e. g., to negative conductivity on
a submicron length scale [6].
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Now we demonstrate that electric field induced by
static distortions of the CDW phase enhances the CDW
stiffness and results in its temperature dependence. The
force, F , in the r. h. s. of equation for the phase
(3) can be presented as sum of the average force and
the rest which describes a spatially fluctuating part,
F = eE+Ffl. So in order to find solutions for phase dis-
tribution we must express the spatially fluctuating part
of the field in terms of the phase. This can be done by
means of the Poisson equation with charge density given
by Eq. (1). The problem must be treated differently for
semimetallic and semiconducting CDW materials, be-
cause screening by free charge carriers in these cases are
different. Consider first a semiconducting CDW mate-
rial. If the temperature is not too small the Poisson
equation is reduced to the quasi-neutrality condition.
Then we find the equation for the CDW phase contain-
ing an externally applied electric field E in the r.h.s.
only, while electric fields induced by CDW deformations
are represented by renormalized elastic coefficient,

K =
~vF

2NQ
/

√
1 +

(
LT

∂ϕn

∂x

)2

, LT =
~vF

2NQT
.

At higher temperatures when µ ¿ T the renormalized
CDW stiffness is strongly time-dependent and by 1/NQ

times larger than the bare stiffness. When the shift of
the chemical potential exceeds the temperature, screen-
ing by quasiparticles becomes non-linear, and the CDW
stiffness starts to depend on CDW deformation.

At lowest temperatures the quasiparticle contribution
disappears at all. Then using the Poisson equation we
find equation for the phase derived in Ref. [7].

In case of a semimetallic CDW conductor we find for
the renormalized stiffness coefficient K = ~vF

2 + e2.
Consider renormalization of CDW damping. If we ne-

glect non-uniform phase perturbations then we skip in
Eq. (3) space derivatives. As bare damping coefficient
γ0 is exponentially small, in the limit of large electric
fields when pinning can be ignored, this would result
in CDW current exponentially increasing with temper-
ature. This contradicts to experimental observations
that the CDW conductivity is proportional to the quasi-
particle conductivity in semiconducting CDW materials
[8], and the moving CDW restores the decrease of con-
ductivity due to formation of the CDW in NbSe3 [9].
This can be understood in the frame of a simple model
as effect of inevitable spatial variations of the phase.
We express, again, the fluctuating part of the electric
field acting on the CDW in terms of the phase, and
consider small phase distortions and perturbations of
the chemical potential, µ ¿ T , which is possible if the
temperature is not too low. Using the Poisson and con-
tinuity equations we find the fluctuating electric field.
It depends on time and space derivatives of the phase
in a complicated way. However, one can derive simple
conclusions using the oversimplified model [10] in which
the impurity pinning is modelled as Π = eET sinϕ. Av-

eraging equation for the phase over all chains we find
renormalized damping coefficient γ̃ = γ0 + vF κ2

8πσ‖
for the

semiconducting CDW material, and γ̃ = γ0 + vF κ2

8πσN‖
for

a semimetallic CDW material. In accordance with ex-
periments, the maximum CDW conductivity resulting
from such damping in semimetallic conductors is the
same as it would be in the absence of the CDW, and in
the semiconducting materials the CDW conductivity is
proportional to quasiparticle conductivity.

Temperature dependence of elastic coefficients leads
to temperature variation of the phase coherence length
for collective pinning and the size of the phase solitons
and dislocations.

Thus Coulomb interaction results in strong renor-
malizations increasing with temperature up to e2/~vF

times. The latter parameter is large for typical CDW
conductors. The large value of this parameter may lead
to destruction of Fermi-liquid description of the elec-
tronic system. Indeed, main properties of CDW ma-
terials are well understood at elevated temperatures
while there are many unexplained phenomena at low
temperatures. In particular, a transition from room-
temperature metallic behavior to nonmetallic one re-
sembling the Luttinger liquid was detected in recent
studies of conductivity of nanoscale-sized or ion beam
processed crystals [11]. In order to account for such
behavior a possibility of stabilization of the Luttinger
state by defects in quasi-1D metals was put forward
recently [12]. One can speculate that many intriguing
properties at low temperatures which are still not ex-
plained convincingly can be related to effects of strong
Coulomb interaction.
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to Russian Foundation for Basic Research for financial
support.
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Universal Variable-Range Hopping Along and Perpendicular to the Chains in the
Quasi One-Dimensional Conductor o-TaS3.
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It is widely accepted that the quasiparticles con-
tributing to the in-chain conductivity of TaS3 – a typ-
ical Peierls quasi one-dimensional conductor – provide
also the transverse conductivity. Moreover, in contrast
with the longitudinal conductivity, the transverse one
is believed to fall roughly as exp(−∆/T ) (2∆ ≈ 1600 K
is the Peierls gap) down to the lowest temperatures
[1, 2]. Actually, the mechanism of transverse conduc-
tion has not been discussed in detail. One can notice
that σ⊥(T ) poorly fits the Arrhenius law. It is believed
that transverse conductivity could go through hopping
[3] due to the short electron mean free path in this di-
rection. However, for the case of nearest-neighbor hop-
ping (NNH) this would not give a deviation from the
Arrhenius dependence.

As for the in-chain conductivity, σ‖, the situation
seems more clear at least above, roughly, half-TP , where
the conduction is provided by quasiparticles activated
across the Peierls gap. At lower temperatures anoma-
lies develop, usually attributed to collective excitations
of CDW dominating the linear conduction.

Recently arguments have been reported that both
the transverse conductivity, σ⊥, and the longitudinal
one, σ‖, in extremely thin TaS3 samples obey univer-
sal law indicating variable range hopping (VRH) trans-
port mechanism [4, 5]: σ⊥ and σ‖ were found to follow
exp[−(T0/T )1/2] with T0 = 2 · 104 K. Here we demon-
strate that this universal law is observed not only for
the thin, but for all the samples in the temperature
range depending on the sample transverse dimensions.
Presumably, it is explained with strongly anisotropic
screening of the Coulomb potential [6].

We performed the measurements of resistance, R⊥, in
the b-axis direction, perpendicular to the chains both by
the 2-probe method [2] and 4-probe method. Ribbon-
like samples with width 10 – 20 µm were selected. For
the 4-probe measurements a bridge structure was pre-
pared with laser micro-etching techniques [5]. The re-
sults appeared similar with those obtained by the 2-
probe measurements and roughly in agreement with the
earlier reported results [1, 2].

Fig. 1 shows the transverse resistance R⊥ for o-
TaS3 in the lg(R) vs. T−1/2 coordinates (curves ‘1–
4’). Presented are data both for “pure” (threshold field
Et < 0.3 V/cm) and “impure” samples (Et ∼ 3 V/cm).
All the curves fit well the exp[(T0/T )1/2] dependence
– the Efros-Shklovsky (ES) law [7] – with T0 =(19 –
20)·103 K in the temperature range 35–200 K (the slope
of the broken line corresponds to T0 = 20000 K). The

FIG. 1: R⊥ vs. T−1/2: curves ‘1-4’– our data, ‘4’ – data
from [2]. R⊥ of ’3’ and ‘4’ is multiplied by 10. ‘1’ – two-
probe technique, ‘2-4’– bridge technique; ‘1-2’– the “pure”
batch, ‘3,4’– the “impure” batch. The set of curves below
the broken line is R‖ per unit length for samples of different
cross-section from the “pure” batch. The broken line follows
the law: exp[−(20000 K/T )1/2]

data from [2] are also shown and are in agreement with
the “(T0/T )1/2”- dependence.

Measurements of conductivity along the a axis are
possible using the so-called ‘mesa’-structures (or ‘over-
lap’ or ‘stack’ junctions) [8]. The a-axis dependences of
R⊥(T ) [9] are found to be qualitatively similar with our
results.

In the same plot dependences R‖(T ) normalized by
length are presented for samples from the “pure” batch.
The transverse dimensions of the largest samples are
about 2 µm and of the thinnest – tens of nanometers.
One can see the evolution of the R‖(T ) curves with the
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change of cross-section area: the normal-sized samples
show an Arrhenius-law behavior at 100 K. T < TP .
At lower temperatures considerable flattening is seen,
and then again a steep growth of R in the current axes
is seen. What is catching one’s eye, the slope of this
part is close to that of the R⊥(T ) curves. With the
decrease of cross-section this part expands towards the
high-temperature region, and for R/L > 104 Ω/µm the
complete range below TP obeys the ES law with the
universal T0. For the thinnest sample this range be-
comes shorter again, now because of the slight upward
curvature at low T .

The results indicate that one should involve VRH to
explain the conductivity of TaS3. For the in-chain di-
rection the hopping could reveal jumps of electrons be-
tween the adjacent chains or over defects within one
chain. One can expect that for thinner samples the
hops should dominate the conductivity. At least, in the
limit of a single chain, when the Fermi-liquid consider-
ation of electrons is no longer valid, the conductivity is
defined only by the contacts and structural defects.

Different mechanisms of VRH have been considered
to account for the conductivity in quasi one-dimensional
(1D) electron systems [2, 6, 10–12]. In [2] VRH has
been attributed to solitons. This mechanism, however,
is likely to provide hopping only along the chains, and
cannot account for the universal mechanism of conduc-
tion in all the directions. The quasiparticles excited
over the Peierls gap also cannot explain VRH: according
to [13] their concentration drops as σ‖ ∝ exp(−∆/T )
down to at least 50 K. The most probable hopping par-
ticles are electrons localizes within the Peierls gap.

In quasi 1D conductors localization occurs at much
lower degrees of disorder than in 3D conductors, which
is related to the low width of the conducting band
in the transverse direction ([12] and refs. therein).
A detailed analyses of hopping in 1D systems with
strongly anisotropic screening of the Coulomb poten-
tial has been proposed in [6]; the model suggested ac-
counts for the main features of our experiment (if we
consider the cross-section area decrease to be equiva-
lent to doping). First, a universal hopping law with
σ‖ ∝ exp[−(T0/T )2/5] with T0 independent of the de-
fect concentration is proposed. (Experimentally, it is
difficult to distinguish between the slopes “1/2” and
“2/5”). The model [6] also describes other features seen
in Fig. 1: the cross-section dependence of the range in
which this universal law in σ‖ is observed, the flatten-
ing and then the crossover to the Arrhenius law at high
T , and the low-T upward deviation observed for the
thinnest sample. Note, that all in all the set of σ‖(T )
dependences (Fig. 1) is much alike Fig. 6b from [6].

Still, the most serious problem is to combine the hop-
ping conductivity with the Peierls state. In both cases a
gap opens at the Fermi level, either Coulomb or Peierls.
VRH implies constant (metallic) carriers concentration
near the Fermi level, but not falling as exp(−∆/T ). So,
at the 1st glance, below TP there is no sense to speak

about VRH. Note, however, that the estimates of the
Coulomb gap with the conventional formulas [7] give a
value close to the Peierls gap 2∆. Thus, in the presence
of the Coulomb gap the effect of opening of the Peierls
gap on the conductivity could be not so dramatic. This
can be seen from Fig. 1: the feature at TP is not so
pronounced for the thin samples and for R⊥. On the
other hand, one can expect suppression of the Peierls
transition due to the Coulomb-gap-induced reduction
of the density of states at the Fermi level. Decrease of
TP is really observed for thin samples.

Thus, we are likely to have observed the Peierls
state coexisting with the Coulomb gap. Obviously, the
Coulomb gap “masks” and suppresses the Peierls di-
electrization. In this state a VRH-like conduction law
is observed, universal (at certain T ranges) for differ-
ent current directions and cross-section areas. This can
be attributed to strongly anisotropic screening of the
Coulomb potential [6].
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Photoconduction in o-TaS3
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The energy gap developing in quasi-one-dimensional
(q-1d) conductors [1] below the Peierls transition tem-
perature makes them similar to narrow-band semicon-
ductors. Photoconduction is one of the most fruit-
ful method to study the details of emegry structure,
current-carrier recombination time and other parame-
ters. One would expect that photoconduction is in-
trinsic to CDW conductors and could be easily seen,
like it happens in many semiconductors. Several at-
tempts of experimental search for photoconduction of
CDW materials [2–5] reveal contradictory results. In
Ref. [2, 3] no noticeable photoconduction in TaS3 was
observed. Instead, the bolometric response was found
and employed for detailed study of the energy structure
in TaS3. In addition, an enhancement of the bolometric
response was reported in nonlinear regime Ref. [2]. In
Ref. [4] photoinduced CDW conduction was observed in
blue bronze K0.3MoO3, the red boundary of the effect
corresponding to the Peierls gap. The phenomenon was
associated with initiation of the CDW depinning by op-
tically excited single electrons. No light-induced varia-
tion of the linear conduction and the threshold field was
reported. In Ref. [5] photoinduced modification of the
dynamic transition from slide to creep in K0.3MoO3 was
reported: light illumination was found to increase ET

and the CDW creep rate. The origin of the effect was
attributed to a local destruction of the CDW which led
to the photoinduced phase slip and the redistribution
of the CDW phase. No effect of illumination on the lin-
ear conduction was reported. Thus, despite some sim-
ilarity between CDW conductors and semiconductors,
no photoresponse in the linear conduction was found
during 25 years of study of the CDW materials. Its
worth to mention that the absence of photoconduction
would agree with theories predicting very small quasi-
particle lifetime, of the order of 10−12 s [6] Femtosec-
ond spectroscopy study of K0.3MoO3 has shown that
the electron-hole recombination time is short indeed, of
subpicosecond scale [7]. From this point of view quasi-
particles (electrons and holes) are ill-defined physical
objects and observation of photoconduction in CDW
conductors is a challange.

Here we present a brief review of results of pho-
toconduction study in o-TaS3. Photoconduction
(illumination-induced change of the linear conductance,
G) can be clearly seen at low temperatures for relatively
thin samples of o-TaS3 (Fig. 1). We observed up to five
orders of illumination-induced conduction variation. A
noticeable difference (more than 1%) between G(T )
curves taken in dark and under steady illumination is
seen below approximately 80 K. In general, if a sam-
ple is thinner, the photoconduction is more pronounced
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FIG. 1: Temperature variation of the linear conduction of
o-TaS3 sample at different illumination intensities W . Inset
shows δG(T ) for the same set of W values. Solid line cor-
responds to the activation dependence with the activation
energy 760 K. Data of Ref. [8].

and can be observed from higher temperatures. Photo-
conduction defined as δG(W,T ) ≡ G(W,T ) − G(0, T ),
where W is the light intensity, is non monotonous func-
tion of temperature and has intensity-dependent maxi-
mum at temperatures 40-70 K (see inset in Fig.1). The
positions of maximums follow the activation law with
the activation energy 760 K close to the normal carri-
ers activation energy ∆ = 800 K. The dependence of
δG(W ) is very nonlinear and can be approximated by
the power law δG ∝ Wα with temperature dependent
α [8]. Unusually small value of α ≈ 0.2 is reached at
temperatures about 40-50 K, and α → 1 at T > 80 K
and T → 0. Moreover, nonlinearity is observed when
δG ¿ G (at δG ∼ 10−2G or even below).

Fig. 2 shows typical time-evolution curves of photo-
conduction in TaS3[9]. Photoresponse is relatively slow
with intensity-dependent relaxation time of subsecond
range. No fast contribution with expected ps relaxation
time is observed. Inset in Fig. 2 shows the same curves
normalized to their amplitudes. The shape of the curves
depends on the light intensity and relaxation is getting
faster for more intensive light.

Study of the linear-to-nonlinear relaxation crossover
may help in clarification of the origin of photoconduc-
tion. Two different cases should be considered. When
the photoconduction response time τ is comparable
or even bigger the light pulse duration ∆t, then the
crossover position can be found from δG(W ) depen-
dence as a point where δG/W ≈ γ limW→0(δG/W ), the
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FIG. 2: Photoresponse of TaS3 sample to a meander light
pulse sequence (light is on at t = 0 and off at t = 1 s) at dif-
ferent light intensities. T = 40 K, V = 200 mV. Inset shows
the shape of the pulse δI(t)/δI(1s) = [I(t)− I(0)]/[I(1s) −
I(0)] at W = 10, 1, 0.1, and 0.01 W/cm2.

exact value of γ (γ < 1) depending on α. For instance,
in the case of quadratic recombination (α = 1/2) an
analytical solution gives γ = 1/

√
3. When τ & ∆t, the

analysis of the shape of photoresponse δG(t) as a func-
tion of W provides more accurate determination of a
crossover position. In all studied samples the crossover
occures at δG ¿ G, that implies the presence of another
current carriers shunting the photoconduction.

The recombination time, τ , of photoexcited carriers
in TaS3 can be also estimated from the amplitude of
photoconduction in the linear relaxation region as

τ =
δn~ω
kβW

≈ δG

G(300K)
n300~ω
kβW

.

where δn is a concentration of photoexcited carriers, k is
the quantum efficiency of photogeneration, β is the ab-
sorption coefficient (we assume that 1/β is much smaller
the sample thickness [10]). δG/G(300K)W exhibits
strong temperature dependence falling down by 5-6 or-
ders of magnitude when temperature grows from 50 K
to 100 K. For a typical value δG(50K)/G(300K)W =
0.1-1 cm2/W, k = 1, 1/β = 0.3 µm, we obtain τ = 1-
10 ms, comparable with the low-temperature photore-
sponse time (Fig. 2).

Fig. 3 shows relaxation of photoconduction on a kilo-
second time scale after application of a light pulse [9].
Relaxation proceeds even at times exceeding 103 s. Very
similar relaxation process (but of opposite direction)
is observed after application of a voltage pulse with
V > VT (lower set of curves at Fig. 3) producing a
metastable CDW state.

The results mensioned above demonstrate unconven-
tional features of photoconduction in o-TaS3. At least

some of them can be understood under assumption that
photoconduction consists of two parts: quasiparticle
and collective ones, both being affected by illumination.

The researches were supported by CRDF and RFBR
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Phase separation in magnetoresistive manganites 
now captures more and more attention of researchers [1]. 
Despite the widely-held view that electric conduction in 
phase-separated manganites is inhomogeneous and 
percolative [2], only a few experiments in order to directly 
detect the inhomogeneous conduction have been conducted 
so far. 

Here we report on the results of spatially-resolved 
conductance measurement in phase-separated manganite 
thin films using a metallic contact probe, which functions as 
a micrometer-scale relocatable electrode. As a phase-
separated manganite sample, we adopted Pr0.55(Ca1-

ySry)0.45MnO3 thin films at  y = 0.40 and y = 0.25 epitaxially 
grown on SrTiO3 (011) substrate and on LSAT (011) 
substrate, respectively, by pulsed-laser deposition. Two 
millimeter-scale Au-Pd electrodes were sputtered on each 
film. We had the small contact probe touch various sites (50 
or 60 sites at each temperature) on the films and measured 
the conductance with small voltage between one of the two 
Au-Pd pads and the probe on each site. It was assumed that 
the conductance is sensitive to the sheet conductance of the 
film but quite insensitive to the geometry of the sample, Au-
Pd pad, or the location of the probe. The validity of this 
assumption was confirmed by numerical calculations. 
 
 

 
Figure 1. Temperature dependence of conductance. In each 
figure, the two lines represent the conductance between two 
Au-Pd electrodes, each on cooling and warming the sample, 
and the circles are the conductance between one of the two 
Au-Pd pads and the contact probe, while cooling in left 
panels and warming in right panels.  

 
Figure 2. I-V curves obtained with the contact probe. 
Positive bias means that one of the Au-Pd pads assumes 
higher potential than the probe. 

 
The result on the conductance measurement [Fig. 1] 

shows that the extent of inhomogeneity in conductance, 
sometimes by no less than three orders of magnitude, in 
both samples critically depends on the temperature and 
thermal history. The inhomogeneity, therefore, cannot be 
attributed to other factors than phase separation. Moreover, 
extremely large inhomogeneity was found in y = 0.25 even 
at room temperature. The anomaly may be related to the fact 
that the sample is located in the vicinity of a bicritical point 
in the phase diagram [3]. 

We also investigated local current-voltage (I-V) 
characteristics of the same samples with much larger 
voltage than in the conductance measurements [Fig. 2]. 
Asymmetric and hysteretic I-V curves were observed at 
every site on both samples at such low temperature as 88K, 
whereas only some (no) sites exhibited such anomalies at 
room temperature in y = 0.25 (y = 0.40). These results seem 
to have relevance to the resistance switching effect widely 
observed in manganites [4], and support the assumption that 
we can locally manipulate the spatial distribution of the 
separated phases by electric bias.  
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Low temperature current-voltage characteristics of nanoscale o-TaS3 crystals
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The reduction of the system size may lead to new
developments in macroscopic quantum systems such as
superconductors and charge-density-wave (CDW) sys-
tems. CDW occurs on account of macroscopic quan-
tum coherence, accompanied by the lattice deforma-
tion of the wavevector 2kF[1]. Moreover, nanoscale
quasi-one-dimensional conductors have been attracted
for possibility of observation of non Fermi liquid be-
havior, such as Luttinger liquid (LL) [2–4]. Recent
systematic studies of size dependece on NbSe3 and o-
TaS3 suggest that by the reduction of the cross section,
the sample became closer to the true one-dimensional
(1D) system rather than quasi-1D, consequently the
system exhibited the LL behavior, accompaied with
smearing of Peierls transition [3]. However, there is
still an open question in electric transport of nanoscale
TaS3, in particular, of low temperature current-voltage
characteristics. The first observation [2] was reported
that at lower voltages the activation hopping behav-
ior, I ∝ exp[−V0/V ], was observed, whereas at higher
voltages I ∝ exp[−(V0/V )2]. Later, a simlar kind of
crossover was found, in this case, as a function of cross
section [5]. Hence there was a descrepancy from the
power law behavior expected from LL theory. Here we
report studies of o-TaS3 nanocrystals, including sample
preparation of nanocrystals, fabrication of electrodes
attached to the nanocrystals, and transport properties.

We measured four samples (denoted A, B, C, and D)
taken from a same batch of synthesis. Details of prepa-
ration of the samples have been previously reported
[5, 6] Two-probe current-voltage (I-V ) meassurements
were performed with a 3He cryostat at its lowest oper-
ation temperature (0.35–0.39 K). Temperature depen-
dence of resistivity of all samples were of 1D variable-
range-hopping without clear Peierls transition[6]. This
feature coincides previous studies of nanoscale o-TaS3

crystals[3]. The absence of clear Peierls transition was
also attributed to their LL nature. It is known that in
LL the physical properties tend to obey a power law,
however, more recently, the possibility of VRH behav-
ior in LL with randomness has been predicted by the
Coulomb interaction[7].

Figure 1 shows I-V characteristics of Samples A, B,
and D. This is an astonishing result because though
all the samples came from a same batch, and could be
considered identical. Only difference was the sample
dimension.These size effect cannot be explained by the
random LL theory which predict a simple power law in
I-V characteristics[7]. Hence rather than the LL theory,
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FIG. 1: I-V characteristics of the samples A, B, and
D. Sample A, B, and D obey I ∝ exp[−(V0/V )2], I ∝
exp[−(V0/V )], and I ∝ exp[−(V0/V )1/3], respectively, in
the currant ranges over four orders.

we would like to explain the expreimental results within
the CDW framework[5].

Role of soliton nucleation has been an important is-
sue to understand electrical transport phenomena of the
CDW systems[3, 8, 9]. Instead of sliding motion of the
whole CDW, charged solitons of ±2e, which can freely
move, are nucleated to transport electric current, as
expected from a solution of the sine-Gordon equation.
The first experimental evidence of the soliton transport
was the discrepancy of the temperature dependence and
anisotropy of resistivities of o-TaS3 from that of the con-
ventional Arrhenius formulae[9], and such the discrep-
ancy was observed by other groups[2]. In particular, the
latter case demonstrated that I-V characteristics at low
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FIG. 2: Evolution of I-V charactaristics by the size effect.
RM denotes the minimum radius for a vortex-ring (or -pair)
nucleation. a) Soliton nucleation is due to vortex-ring for-
mation: exp[−(V0/V )2]. b) When the sample width is de-
creased, solition nucleation is governed by vortex-pair for-
mation: exp[−(V0/V )]. c) Moreover, the distance between
the electrodes becomes closer, soliton nucleation cannot de-
termine the I-V characteristics, which may be the reason
why we observed the exp[−(V0/V )1/3] behavior.

temperatures also obeyed an unexpected behavior.
A theory of the system size effect have previ-

ously been proposed to explain both exp[−(V0/V )2]
and exp[−(V0/V )] forms, by considering dimensional-
ity of its crosss section[8]. A prediction follows from
the quantum nucleation possibility of the solitons Γ,
which is proportional to the current, resulting in a
dimensionality-dependent formula,

Γ ∝ exp(const./ED), (1)

where D is the system dimension. Based on (1), I-V

characteristics of Samples A, B, and C can be inter-
preted, resulting from 1D and 2D soliton nucleation.

The I-V characteristic of Sample D, however, can-
not be attributed to Eq. (1). Derivation of Eq. (1)
relies on the assumption that conductivity should be
determined by the soliton nucleation rate. To create a
soliton nucleus through tunneling process [8], the size of
the nucleus should be larger than a minimum size, Rm.
Figure 2 shows a schematic of evolution of the I-V char-
actatistics. accrding to the theory. a) Soliton nucleation
is due to vortex-ring formation: exp[−(V0/V )2]. b)
When the sample width is decreased, solition nucleation
is governed by vortex-pair formation: exp[−(V0/V )].
c) Moreover, the distance between the electrodes be-
comes closer, soliton nucleation cannot determine the
I-V characteristics, which may be the reason why we
observed the exp[−(V0/V )1/3] behavior.

One should want to know the relationship between
the dimensionality of the observed I-V characteristics
and the true shapes of the samples. Also, consideration
of the soliton transportation mechanism along the me-
dia and inside the soliton nucleus is to be clarified in
order that we could have a complete understanding of
the observed I-V characteritics.
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Femtosecond real-time spectroscopy is an emerging 

new tool for studying low energy electronic structure in 
correlated electron systems. Over the last decade or so many 
attempts to study the electronic properties of various novel 
highly correlated electron systems by means of ultrafast 
real-time probes have been done. Here we review some 
recent advances in the field of carrier relaxation dynamics in 
cuprate [1] and conventional [2] superconductors, charge 
density wave compounds [3,4] and heavy electron systems 
[5-7], where the photoexcited carrier relaxation dynamics 
was shown to be governed by the presence of the low 
energy gap in the single particle excitation spectrum. In all 
of these compounds, the carrier relaxation dynamics was 
shown to follow a simple Rothwarf-Taylor [8,9] 
phenomenological model, enabling one to extract the 
amplitude and the temperature dependence of the energy 
gap, as well as the interaction strength between various 
degrees of freedom [9].  

Femtosecond Real-time Spectroscopy 

Recent experiments have demonstrated that 
femtosecond time-resolved optical spectroscopy is a 
sensitive tool to probe the low energy electronic structure of 
strongly correlated electron systems [1-9], complementing 
conventional time-averaged frequency-domain methods. In 
these experiments, a femtosecond laser pulse excites the 
material under investigation, and the temporal evolution of 
the photoinduced (PI) changes in the dielectric function is 
studied by suitably delaying the probe pulse with respect to 
the excitation pulse. Photoexcitation initially creates a non-
thermal electron distribution. These high energy electrons 
(holes) rapidly lose their energy via electron-electron (e-e) 
and electron-phonon (e-ph) scattering, reaching states near 
the chemical potential on the timescale of less than 100 
femtoseconds (fs). This results in changes in the occupied 
density of states (DOS) in proximity to the Fermi energy 
(Ef), while further relaxation strongly depends on the 
peculiarities of the low energy electronic structure and the 
coupling strength between various degrees of freedom 
(electrons, lattice, spin..). By measuring PI dynamics of the 
dielectric function as a function of temperature, excitation 
level, excitation frequency or applied external fields, it is 
possible to sensitively probe the nature of the electronic 
ground state. Exemplary result of such studies is presented 
in Figure 1 showing the dynamics of the PI changes in 
reflectivity in the CDW compounds K0.3MoO3 taken at 4 K. 
In addition to the electronic response which shows decay on 
the picosecond timescale, oscillatory component due to 
coherently generated collective modes is also present. The 
Fourier spectrum of the real-time transient reveals the 

amplitude mode at 1.7 THz (58 cm⁻¹) as well as  several 
other optical phonon modes. 
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Figure 1. a) Photoinduced reflectivity in the CDW 
compounds K0.3MoO3 taken at 4 K. Fourier spectrum of the 
real-time transient reveals the amplitude mode as well as 
several other optical phonon modes.  

As opposed to conventional spectroscopic techniques 
which are time integrated this technique has the ability to 
differentiate different spices or different interaction 
strengths due to their different timescales. In addition, 
fluctuations of the order parameter may be observed that 
would appear frozen on this short timescale. 

Photoexcited carrier dynamics in narrow gap systems  

Studies of PI carrier relaxation dynamics on various 
systems exhibiting a narrow gap in the excitation spectrum 
show a very similar behavior in the observed temperature 
and excitation density dependence of relaxation times and 
amplitudes of the PI transient. There are several universal 
observations. In the case of a second order phase transition 
at some critical temperature Tc, like in superconductors 
[1,2,5] or charge density waves [3,4], the amplitude of the 
transient decreases as temperature is increased showing a 
sharp drop near the critical temperature Tc. Moreover, the 
relaxation time τ shows a divergence near Tc, where τ ∝ Δ−1 
and Δ is the modulus of the order parameter [1-4]. In 
materials where the gap is only weakly temperature 
dependent, similar behavior is seen in amplitude of the PI 
transient, the main difference being that the amplitude 
gradually decreases up to the highest temperatures. Apart 
from the anomaly in the relaxation rate near Tc, in both 
classes of materials the relaxation time shows a pronounced 
decrease upon cooling towards 4 K. Figure 2 shows the 
temperature dependence of the rate of recovery (main 
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2 

panels) and the amplitude (inserts) of the PI transient in a 
high-Tc superconductor Tl-2201 [10] and a Kondo insulator 
SmB6

 [6]. In both compounds the relaxation rate drops by an 
order of magnitude between ~ 100 and 4K, showing 
exponential temperature dependence over a large 
temperature range. 
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Figure 2. The temperature dependence of the relaxation 
rate and amplitude (insets) of the PI transients in a) a high 
temperature superconductor Tl2201 [10] and b) Kondo 
insulator SmB6. Dashed lines are fits with the Rothwarf-
Taylor model [6,9]. 

To account for the observations we have performed 
detailed studies of the phenomenological Rothwarf-Taylor 
model [8], which was proposed in 1960’s to explain the 
recovery dynamics in nonequilibrium superconductors. 
Rothwarf and Taylor have pointed out that the phonon 
channel should be considered when studying the recovery of 
the superconducting state after excitation [8]. When two 
quasiparticles (QP) with energies ≥Δ, where Δ is the SC 
gap, recombine a high frequency phonon (more generally a 
boson) with Ñω>2Δ is created. Since this high frequency 
boson (HFB) can subsequently break a Cooper pair creating 
two QPs the recovery of the superconducting state is 
governed by the decay of the HFB population. The 
dynamics of QP and HFB populations is determined by [8]: 

Equation 1. 0

0 T

dn/dt =I + N-Rn²
dN/dt =J - N/2+Rn²/2- (N-N )

β
β γ

 

Here n and N are concentrations of QPs and HFBs, 
respectively, β is the probability for pair-breaking by HFB 
absorption, and R is the bare QP recombination rate with the 
creation of a HFP – see Figure 3. NT is the concentration of 
HFBs in thermal equilibrium at temperature T, and γ their 
decay rate. I0 and J0 represent the external sources of QPs 
and HFPs, respectively [2]. Physically γ is governed by the 
faster of the two processes: anharmonic decay of HFP 
(ω<2Δ phonons do not have sufficient energy to break 
Cooper-pairs) and the diffusion of HFP into the substrate. 
As shown in [11] this T-dependence is very weak in the 
temperature range of interest and we can consider γ to be T-
independent.  

We have obtained analytical solutions of the 
Rothwarf-Taylor model for all limiting cases [9], enabling 

direct comparison of the model with experimentally 
measured quantities like the temperature and excitation 
intensity of the recovery rates and initial densities of the PI 
carriers.  

 

 
Figure 3. Schematic of the relevant processes governing 
the decay of the photoexcited quasiparticle (QP) population 
in the case of system with a narrow gap in the single particle 
excitation spectrum, which are mathematically represented 
by Rothwarf-Taylor equations [8,9].  

The analysis of the published data on superconductors 
[9] and heavy electron compounds [6,7] shows that the PI 
carrier relaxation dynamics in both classes of compounds 
can be accounted for by the Rothwarf-Taylor model in the 
strong bottleneck limit, where the recovery dynamics is 
governed by the decay of the HFB population. Moreover, it 
was shown that in the low excitation regime the temperature 
dependence of both the amplitude of the transient and the 
recovery rate are determined by the temperature dependence 
of the population density of thermally excited QPs, nT. 
Since the temperature dependence of nT is determined by the 
magnitude (and the temperature dependence) of the gap in 
the density of states via 1/ 2 exp( / )Tn T kT∝ −Δ [9] the 
analysis enables one to extract Δ. Using this analysis, good 
agreement is found with the values of Δ obtained by other 
spectroscopic techniques [6,7,9]. From the fits of the model 
to the T-dependence of the relaxation rates plotted in Figure 
2 the extracted values of the superconducting gap in Tl-2201 
is Δ = 60 K, while the value of the indirect hybridization 
gap in SmB6 is 350 Κ. 
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Introduction 

Recently, the development of femtosecond (fs) laser 
spectroscopy yields new information of CDWs on their non-
equilibrium single-particles and cooperative electrons 
dynamics. The information on the short timescales is 
crucially important for understanding the functional 
properties of CDW gap on Fermi surface below the 
transition temperature [1-3]. In addition, comprehensive 
experimental studies of various correlated electron systems 
have established successful theoretical models of the 
ultrafast optical response of the systems [4], which has 
provided information that complements the transport and 
steady-state optical measurements. In this work, we 
observed the single-particle and collective excitation 
dynamics in quasi-1D whisker crystals by using a pump-
probe reflectivity measurement. The temperature 
dependences of the transient reflectivity show anomalies, 
reflecting CDW phase transitions associated with 3D 
orderings. The transient data also provides coherent 
oscillations characterized by each compound. As the 
temperature increases, several low-frequency oscillations 
exhibit characteristic temperature dependences, namely 
frequency softening and effective damping, indicating 
collective excitations of CDWs. 

 

Experimental 

The sample used in this study consisted of high 
quality TaS3 and NbSe3 whiskers grown by a chemical 
vapor transport technique, and then mounted in a liquid-
helium flow cryostat. The fs two-color pump and probe 
experiments in reflection geometry were performed using a 
mode-locked 100 fs titanium-sapphire oscillator operating at 
a repetition rate of about 76 MHz, which synchronously 
pumped an optical parametric oscillator (OPO). The probe 
beam was extracted from the fundamental at ~1.5 eV, and 
the pump beam was delivered by the OPO at ~1.1 eV.  Note 
that both energies are much higher than the gap energies of 
the CDW. The pump and probe beams were combined by a 
dichroic mirror and focused by using an objective lens for 
the near-infrared region with a nominal magnification factor 
of 20, and a numerical aperture of 0.40. The focal spots of 
the two laser beams were carefully adjusted to obtain a 
complete spatial overlap on the sample surface. The pulse 
overlap was monitored using a charge coupled device 

camera, and was kept at a fixed position during the 
measurements. To measure the transient response, the pump 
pulse was mechanically delayed with respect to the probe 
pulses using a translation stage. The pump pulse was 
chopped at a frequency of 2 kHz and the reflectivity change 
of the probe was detected with a lock-in amplifier. The 
cross-correlation between the pump and probe pulses in a 
nonlinear optical crystal showed a temporal resolution of 
200 fs. 
 

Results and discussion 

Figure 1 shows the transient reflectivity changes, ΔR, 
at different temperatures below and above T3D. Both the 
pump and probe polarizations are parallel to the chain axis. 
Well below T3D, the transient ΔRs in both compounds 
consist of two components: exponential parts that 
predominantly reflect the SP dynamics, and coherent 
oscillations caused by collective motions including lattice 
vibrations. This combination has been widely observed in 
other quasi-1D and quasi-2D CDW materials.  

 

 
 
Figure 1. Transient reflectivity changes, ΔR, for (a) NbSe3 
and for (b) TaS3 as a function of the delay at various 
temperatures. The pump and probe polarizations were 
parallel to the conducting axis. 
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Both the magnitude and relaxation time of the initial 
exponential decay are almost temperature independent at 
low temperatures. The magnitude then decreases 
monotonously with increasing temperature. In contrast, the 
relaxation time shows the characteristic changes when the 
temperature is increased [2]. Near T3D, the gap is 
sufficiently small to allow carrier re-excitation as the result 
of phonon re-absorption [1]. This process increases the 
relaxation time when approaching T3D from below, resulting 
in a sudden increase of the relaxation time as 1/Δ(T). It is 
important to note that only a sudden change in relaxation 
time around T3D was observed in NbSe3 that exhibits almost 
constant rapid decay at low temperatures. In contrast, a 
pronounced increase was found with decreasing temperature 
inTaS3. Demsar, et al. also reported a similar change in the 
relaxation time in Hg1223 at low temperatures, and gave a 
clear explanation by using a carrier recombination process, 
in which the temperature dependence of the decay time is 
determined by the relaxation via high-energy phonons [5].  
TaS3 with a high transition temperature and therefore with a 
large magnitude gap makes the biparticle recombination 
process efficient at low temperature, resulting in a 
substantial change in the relaxation time around Tqp ~ Tph. 
The values of the gap from the theoretical fits are 2Δ (0) ~ 
100 meV (NbSe3), 2Δ (0) ~ 170 meV (TaS3). Although 2Δ 
(0) in each compound is still an unsettled issue, the values 
obtained in our optical measurement are consistent with the 
values estimated from transport measurements. 

 

 
Figure 2. Coherent oscillation signals for (a) NbSe3 and (b) 
TaS3 at 20 K and (c) (d) corresponding FFT spectra. 

 
By reducing the temperature well below T3D, an 

oscillation is clearly superimposed on the exponential 
carrier relaxations [2]. At the lowest temperature, an 
efficient amplitude with a long decay was observed in  ΔR -
see Fig. 2 (a) and (b). As the temperature is increased, the 
oscillation period gradually decreases and its decay time 
also decreases. The corresponding Fourier transformed (FT) 
spectra are shown in Fig. 2 (c) and (d), in which an intense 
peak exists around 0.5 THz (17 cm-1) for TaS3 and 1.1 THz 
(40 cm-1) for NbSe3. These oscillations show clear softening 
of the frequency when the samples are warmed. This is 
exactly the behavior expected for the collective excitations 
of CDWs. On the other hand, the other high-frequency 
oscillations with longer decay become dominant with a 

reduction in the oscillation amplitude of the low-frequency 
mode and remains above T3D. Note that in contrast to the 
low-frequency mode the high-frequency modes show no 
frequency shift when the temperature is varied. We thus 
associate these high-frequency oscillations with ordinal 
phonons.  

Here we discuss the origin of the low-frequency 
coherent oscillations. Based on the characteristic 
temperature dependences of frequency and damping, we 
argue that the oscillations are caused by one of the 
collective excitations in the CDW phase. A similar coherent 
oscillation was observed in K0.3MoO3 [1], and was 
attributed to the CDW amplitude mode (AM) from the good 
correspondence with Raman and neutron data. In the mean-
field approximation, the AM mode frequency is given by 
νAM = 2Δ(0)/(m*/m-1)1/2. The calculated frequency νAM 
~2.2 THz (80 cm-1) for NbSe3 and νAM ~0.93 THz (31 cm-1) 
for TaS3 are slightly higher than the oscillation frequency 
obtained from the transient data. However, since νAM should 
be scattered in accordance with the scattered values of the 
gap and m*/m in both compounds, we can consider the AM 
as a plausible origin of the coherent oscillation. Although 
the frequency region is consistent with AM, there is still a 
noticeable discrepancy that the coherent AM oscillation in 
NbSe3 and K0.3MoO3 continue to exist up to T3D while the 
oscillation in TaS3 exists only below 80 K, i.e., far below 
T3D. This discrepancy indicates that the oscillation in TaS3 
does not result from the 3D ordering of CDWs but reflects 
the ordering near commensurability expected at low 
temperatures.  

In conclusion, we have studied ultrafast electron 
dynamics of CDWs in quasi-one-dimensional conductors by 
means of two-color pump-probe reflectivity measurements. 
The results clearly demonstrate the characteristic properties 
associated with 3D ordering in each compound 
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Charge-density-wave (CDW) transitions occur in low 
dimensional solids where it is possible to achieve nesting of 
the Fermi surface leading to the appearance of a periodic 
lattice distortion with an accompanying energy gap in the 
single particle excitation spectrum [1]. Many of the 
properties of these quasi-1D compounds could be 
understood within the framework of the continuous phase 
transition with weak electron-phonon and interchain 
coupling [1]. Rare-earth metal (R) transition metal silicides 
R5Ir4Si10 exhibit CDW transitions at temperatures TCDW in 
the range between 80 and 210 K, depending on the rare-
earth element R [2]. Anomalies at TCDW have been observed 
in the temperature dependencies of specific heat, thermal 
conductivity, the electrical conductivity and elastic 
constants, just to mention a few [2,3]. The CDW character is 
suggested by the fact that these anomalies are in agreement 
with a decrease of the densities of states at the Fermi level 
that appear at TCDW. Moreover, weak satellite reflections in 
the x-ray diffraction have been found to develop below 
TCDW [4]. The fact that the transitions in these compounds 
are characterized by very sharp anomalies in thermal 
properties [2] and extremely weak anisotropy of the 
electrical conductivity (compared to prototype CDW 
compounds like K0.3MoO3 [1]) led to the interpretation that 
these compounds are CDW systems with strong interchain 
coupling, where only partial gapping of the Fermi surface 
occurs below TCDW. Moreover, in compounds with magnetic 
rare-earth atoms antiferromagnetic ground state was found, 
while in the non-magnetic compounds like Lu5Ir4Si10 
superconductivity was observed at low temperatures.  

Femtosecond time-resolved optical spectroscopy has 
been shown in the last couple of years to present an 
interesting alternative to the more conventional time-
averaging frequency-domain spectroscopies for probing the 
low energy electronic structure in strongly correlated 
systems [5,6,7]. In these experiments, a femtosecond laser 
pump pulse excites electron-hole pairs via an interband 
transition in the material. In a process which is similar in 
most materials including CDW’s these hot carriers rapidly 
release their energy via electron-electron and electron-
phonon collisions reaching states near the Fermi energy 
within 10-100 fs. Further relaxation and recombination 
dynamics, determined by measuring photoinduced (PI) 
changes in optical properties as a function of time after 
photoexcitation, depends strongly on the nature of the low-
lying electronic spectrum. In particular, the experimental 
technique was found to be sensitive to the opening of the 
gap in the single particle excitation spectrum, and the 
appearance of a short-range charge-density wave order [6]. 

Moreover, utilizing these techniques dynamics of photo-
excited collective modes has been studied [6,8]. 

In this report we are presenting a study of PI carrier 
relaxation dynamics in Lu4Ir5Si10 aiming to elucidate the 
nature of the CDW state in this compound. 

Experimental 

We have performed measurements on two Lu4Ir5Si10 
monocrystals grown in a tri-arc furnace using a modified 
Czochralski technique [9]. Electron-probe microanalysis 
proved the samples to be single phase and to have the 
correct stochiometry (1% resolution). Samples were cut into 
rectangularly shaped bars and optically polished. The first 
sample was polished in the a-c plane, while in the second 
sample c-axis was perpendicular to the plane. 

 We used a 20 fs mode-locked Ti:sapphire laser 
operating at 800 nm (~1.55 eV) and 80 MHz repetition rate 
as the source of both pump and probe pulses. The pump 
beam was focused to a 70 μm diameter spot, while the probe 
diameter was 30 μm. The probe pulses were appropriately 
delayed, and detected by the photodiode. Low-noise 
detection of the PI reflectivity was enabled by high 
frequency modulation (100 kHz) of the pump beam 
intensity. Due to a very weak PI reflectivity (ΔR/R) the 
average power of the pump was 30 mW (probe power was 2 
mW with the beam polarized perpendicularly to the pump) 
corresponding to the excitation density of j ~ 40 μJ/cm2. 
Morever, each experimental trace has been averaged 10 
times to increase the S/N ratio. The temperature was varied 
between 4 and 300K utilizing an optical He flow cryostat. 
High average excitation densities resulted in a substantial 
heating of the probed spot. Heating was  estimated to be ~20 
K over the entire temperature range using the formula from 
Ref. [8] with the thermal conductivity data from Ref. [2] 
and the real and imaginary dielectric constant ε at 1.55 eV 
from Ref. [11]. In all of the data presented here, the heating 
of the sample has been accounted for.  

Results And Discussion 

Figure 1 presents ΔR/R transients on both crystals 
with the probe polarized along the c-axis and a-axis, 
respectively. In both datasets initial resolution limited 30 fs 
rise is followed by a fast decay on the 100 fs timescale and 
subsequent ps dynamics. In addition, a strongly damped 
oscillatory component with ~500 fs period is also observed 
(see insets). Moreover, an offset is observed due to the 
dynamics on the timescale much longer than 10 ns (the time 
between two adjecant pulses). The major difference between 
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the two PI responses is in the dynamics on the picosecond 
time scale where the sign of the signal in the two 
polarizations is reversed. Due to the fact that rather strong 
temperature dependence of the complex dielectric constant 
is observed (even in the visible range), with dε/dT changing 
sign near TCDW [11] this behavior in not surprising. This fact 
limits the analysis to relaxation times only. 
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Figure 1. The T-dependence of ΔR/R for probe parallel to 
c-axis and a-axis. The data have been vertically offset for 
clarity. Insets show oscillatory part at early time delays. 

 
The 100 fs decay is very similar in both orientations and 
does not show any prominent T-dependence. The offset, on 
the other hand, displays a sharp anomaly near the TCDW = 80 
K (Figure 1a)). This offset is commonly attributed to 
heating effects where ΔR = δR/δT ΔT, ΔT is the steady state 
temperature increase and δR/δT is the slope of the 
temperature change in reflectivity at 1.55 eV. The analysis 
of heating effects and measured T-dependence of optical 
conductivity suggest that this cannot account for the 
observations. An alterantive explanation [12] suggests that 
the dynamics can be due to localized states in the vicinity of 
the Fermi level as in the case of K0.3MoO3 [5]. 
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Figure 2. a) The T-dependence of offset in ΔR/R (probe 
parallel to the c-axis) displaying a sharp drop near TCDW. b) 
The T-dependence of the ps component (probe paralell to 
the crystal a-axis). 

 
The ps component also shows a pronounced T-

dependence in both amplitude (not shown) and the timescale 
(see Figure 2b)). The pronounced increase in both amplitude 

and the relaxation time τ is observed at low temperatures, 
with the onset of the diverging behavior in τ starting near 
TCDW. This behavior is expected for carrier relaxation across 
the gap in the density of states, as observed in 
superconductors [5]. 

Finally, the highly damped oscillatory component is 
observed in both samples. The mode with the central 
frequency ~ 2 THz shows weak softening upon T-increase, 
as well as a pronounced drop in amplitude near TCDW 
(Figure 3). Due to similarity of the behavior to the 
amplitude mode (AM) observed in K0.3MoO3 [5], 1T-TaS2 
and 2H-TaS2 [8], we attribute this component to the 
photoexcited AM.  
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Figure 3. a) The fast fourier transform (FFT) of the signal at 
37 K measured in a and c-axis polarization showing a peak 
at ~2 THz. Panels b) and c) show amplitude and frequency 
of the oscillation obtained from FFT data.  

 
In summary, we have presented first studies of carrier 

relaxation dynamics in Lu5Ir4Si10. The anomalous T-
dependence of long-timescale offset with a sharp anomaly at 
TCDW, anomalous low-T dependence of the ps decay time, 
and strong T-dependence of amplitude of the oscillatory 
component (attributed to PI AM) below TCDW are in 
qualitative agreement with the expected behavior for the PI 
carrier dynamics in the CDW state. 
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Introduction 

Time-resolved laser spectroscopy gives qualitatively 
new information on electronic structure as well as non-
equilibrium electron and lattice dynamics in condensed 
matter. In superconductors, correlated electron systems and 
charge density wave systems the low energy electronic 
excitations are coupled to the lattice degrees of freedom, 
which can be effectively investigated on the femtosecond 
time scale using time resolved spectroscopy (TRS). 

The dynamics of the electronically driven structural 
reordering in the quasi-1D Jahn-Teller system (NbSe4)3I 
will be presented and discussed in detail. The structure of 
(NbSe4)3I, which has highly 1D character, consist of 
(NbSe4) chains parallel to the c axis separated from one 
another by iodine atoms. This material is unusual amongst 
the selenides in that instead of displaying a charge density 
wave Peirels transition at low temperature, it undergoes a 
cooperative pseudo-Jahn-Teller structural phase 
transformation at Tc=274 K [1].  Vibronic coupling between 
a valence A2g band and a nearby conduction B2u band by a 
B1u transverse acoustic mode results in a structural phase 
transition which widens the gap for electronic excitations 
from 96.9 meV at room temperature to over 220 meV at low 
temperature The order parameter η in this case is related to 
the density difference between the highest valence band and 
the lowest conduction band.  

In the present experiments we investigate the 
electronic and structural dynamics by perturbing the system 
from its low temperature ordered state by a short pump laser 
pulse, creating non-equilibrium structural disorder. We then 
probe the relaxation back to the ordered state by monitoring 
the changes in the dielectric constant (reflectivity R) with 
suitably delayed probe laser pulses. 

 Experimental Results and Disscusion 
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Figure 1. The photoinduced reflection ΔR/R from 
(NbSe4)3I at different temperatures as a function of time, 
measured with the polarization of probe pulse in the 
direction parallel to the crystal axis c (the direction of  
(NbSe4) chains). 

The photoinduced (PI) changes in reflectivity ΔR/R as a 
function of time at different temperatures are shown in Fig. 
1. The presented data clearly shows oscillatory components, 
attributed to different coherently excited phonons, 
superimposed on the components that show exponential like 
decay. 
  To better analyze the different components of the 
photoinduced reflection ΔR/R we performed a fast Fourier 
transform (FFT) on the data. In Fig 2 a) we show the FFT of 
the data at 60 K from the Fig. 1. We can see a central peak 
and different phonons, whose temperature dependence can 
be better observed in Fig. 2 b), where the central peak was 
fitted out from the original data. The central peak 
component was analyzed separately in the time domain. 
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Figure 2. a) The fast Fourier transform of the 
photoinduced reflection ΔR/R data at 60 K. b) The phonon 
spectra at different temperatures.. 

Now we can compare the phonon spectra with 
Raman spectra obtained at the same material [1,2]. We can 
immediately see that our FTR spectroscopy enables us to 
observe low frequency phonons down to very low 
frequencies that are not accessible by ordinary Raman 
spectroscopy. In the range of frequencies where spectra of 
both techniques are overlapping we see the same phonon 
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modes present. We can see a strong mode at around 80 cm-1 
that softens and broadens with the increasing temperature. It 
also exhibits a dip when it crosses a stationary 60 cm-1 
mode, which we couldn't see in Fig. 2 b) before crossing. 
This behavior of the two modes was already observed with a 
Raman spectroscopy [1,2] and the prediction was made of 
the anticrossing behavior with the appearance of the lower 
energy phonon mode that would soften completely at the 
phase transition. We have observed two additional phonon 
modes in the low frequency range, but couldn't identify the 
behavior predicted in Ref. [1]. The mode at 27 cm-1 is 
almost stationary, whereas the 12 cm-1 mode exhibits strong 
softening. The 12 cm-1 mode becomes also overdamped as T 
approaches Tc. The temperature dependences of  the 
frequencies of the different phonon modes are presented in 
Fig. 3 a) and b).  
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Figure 3. a) The temperature dependence of the frequency 
of different phonon modes. The data obtained with the 
Raman spectroscopy [1,2] is presented with the open 
symbols for comparison. The temperature dependence of the 
line width of 80 cm-1 mode is shown by half open circles 
(TRS) and crossed rectangles (Raman). b) The broadening 
and softening of the frequency of 12 cm-1 soft mode.  The 
continues line through the date points is a guide for the eye. 
The data from neutron scattering [4] are presented by stars. 

The non oscillatory decaying component of the 
photo induced signal was analyzed in the time domain. We 
had used the stretch exponential function of the form 
ΔR(t,T)/R=A(T)Exp(-(t/τA(T))μ) to fit measured signals at 
different temperatures. We have fixed the μ=0.4, which has 
turned out as good value for fitting the data at all 
temperatures. The obtained temperature dependence of 
1/τA(T) which shows critical behavior near the phase 
transition is presented in Fig. 4 a). The corresponding 
amplitude A(T) sharply decreases as T increases toward Tc 
[Fig 4 b)]. Similar behavior of relaxation dynamics near 
electronic phase transitions was previously observed in 
different high temperature superconductors  and  CDW 
systems [5-7]. The relaxation dynamics was in those cases 
attributed to the relaxation of the photoinduced 
quasiparticles across the energy gap in the excitation 
spectrum, which was closing at the phase transition. In the 
case of the pseudo-Jahn-Teller phase transition the energy 
gap does not close completely at Tc, but nevertheless it does 
decrease substantially, which results in the change of 
relaxation dynamics. Bearing this in mind when considering 
the time-resolved experiments on (NbSe4)3I system we can 
infer that the application of short pump laser pulse changes 
the occupation numbers of the lowest conduction band and 

the highest valence band from their equilibrium values 
which results in perturbation of the order parameter η.    
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Figure 4. The temperature dependance of non-oscillatory 
component of photoinduced signal. a) The relaxation rates 
1/τA at different temperatures and b) the temperature 
dependance of the corresponding amplitude A(T). 

Due to the linear coupling between the order parameter η 
and the structural distortion, which follows from the 
theoretical analysis of the pseudo-Jahn-Teller type of phase 
transition [8] the different phonon modes can also be 
coherently excited.  

As Tc is approached from below the lowest-
frequency recognizable phonon mode at 12 cm cm-1 shows 
full soft mode softening and broadening. The temperature 
dependence of the central peak’s  width and intensity clearly 
show that it is directly coupled to the order parameter. This 
low frequency excitation which is believed to be of 
electronic origin is more likely to be the driving force than 
the B1u phonon, since it involves a much larger perturbation 
of the electronic system than the phonon mode. 
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In the search for interesting many-particle physics in 
strongly correlated low-dimensional systems the 3d-
transition-metal oxide TiOCl has gained considerable 
interest in the past years. Initially synthesized in 1958 by 
Schäfer et al. [1] it was rediscovered 13 years ago by 
Beynon and Wilson [2] in the light of high-Tc supercon-
ductivity. Due to magnetic frustrations in the system it has 
been speculated that resonating valence bond- (RVB-) like 
physics might determine the ground state which then upon 
doping could be eventually driven to exotic supercon-
ductivity. Very recently, the quasi-one-dimensional elec-
tronic and magnetic properties have been confirmed, e.g. 
from magnetic susceptibility and angle resolved photo-
electron spectroscopy (ARPES), and the ground state has 
been identified as a non-canonical spin-Peierls phase. 

TiOCl crystallizes in an FeOCl structure (lattice 
parameters a = 3.79 Å, b = 3.38 Å, c = 8.03 Å), consisting 
of buckled bilayers of Ti and O separated by layers of Cl 
ions (Fig. 1). These layers are stacked along the 
crystallographic c-direction coupled only by weak van-der-
Waals forces, while chains of Ti ions are found to be 
aligned along the b-axis. The Ti3+ ions themselves are 
octahedrally coordinated by four O and two Cl ions. These 
(strongly distorted) octahedra are corner-sharing along the 
a-axis and edge-sharing along the b-axis. Due to the 
distortion, the degeneracy of the low-lying t2g-triplet in the 
manifold of crystal split 3d levels is further lifted such that 
the dxy orbital is split off by about 300 meV from the higher 
lying dxz and dyz orbitals. Several theoretical studies, e.g. 
LDA+U calculations [3], have confirmed that the ground 
state is formed by the dxy orbitals. 

 

 
Figure 1. Crystal structure of TiOCl (from [3]). One can 
see the chains of Ti ions along the b-direction as well as the 
stacking of Ti-O layers along the c-axis. The inset shows the 
distorted octahedral coordination of the Ti atoms. 

Standard LDA calculations predict TiOCl to be 
metallic, since there is a partially occupied d band. 
However, one has to account for the effect of on-site 
Coulomb interactions, which is usually done by expanding 
such calculations using a repulsive U known from the 
Hubbard Hamiltonian. This shows that TiOCl is a Mott-
Hubbard insulator instead of a metal. 

Measurements of the magnetic susceptibility show a 
Bonner-Fisher-like behavior above ~200 K, which was an 
initial indication for the existence of spin-1/2 Heisenberg 
chains, mediated along the b-axis by direct exchange. They 
also show two distinct kinks, signaling phase transitions at 
Tc1 = 67 K and Tc2 = 91 K. It is noteworthy that in contrast 
to the canonical expectation predicting a single second-order 
phase transition, the one at Tc1 is of first order, i.e. accom-
panied by a hysteresis, and can be interpreted as an unusual 
spin-Peierls transition. This assumption is corroborated by 
the fact that a doubling of the unit cell can be seen in x-ray 
diffraction, which is expected as a spin-Peierls state can 
show up only in one-dimensional systems and is charac-
terized by singlet pairs of localized electrons. 

Early on there has been strong experimental evidence 
e.g. from Raman spectroscopy and specific heat measure-
ments that fluctuations play an important role in this low-
dimensional compound. However, from polarization 
dependent optical experiments, as well as from polarization 
dependent ARPES it could be ruled out that phonon-induced 
orbital fluctuations leading to admixtures of dxz and dyz 
orbitals to the ground state [4], are responsible for these 
experimental findings [5]. In [6] it is rather speculated that 
frustrated interchain coupling within the bilayer structure is 
the driving force in this process leading to incommensurate 
order at Tc2 which finally commensurately locks in at Tc1. 
New insight could possibly be gained using LDA combined 
with multi-orbital dynamical mean-field theory (DMFT). 
Such calculations point to the possibility of an insulator-
metal transition upon electron-doping [7]. Nevertheless, it 
has to be noted here that all theoretical studies yet do fail to 
describe the detailed electronic structure in a satisfying 
manner. 

Single crystals were synthesized by a chemical vapor 
transport method from TiO2 and TiCl3 according to the pro-
cedure described in [1]. The growth quality can be inferred 
from x-ray diffraction, specific heat, electron spin resonance 
and magnetic susceptibility measurements. For the latter 
method the appearance of the above-mentioned hysteresis is 
used as an indicator. 

 We have performed photoemission spectroscopy 
using He I (21.2 eV) and Al Kα (1486.6 eV) radiation and 
an Omicron EA 125 HR electron energy analyzer. Being an 
insulator one has to deal with significant charging of the 
TiOCl samples, which was found to be almost negligible at 
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and above ~370 K. This charging has yet hindered us from 
using PES as an investigative tool for the low-T phase(s). 
We therefore focused on the electronic structure of TiOCl at 
room temperature and slightly above. Using polarization-
dependent ARPES we obtained momentum-resolved infor-
mation on the valence band. The main features observable 
are hybridized Cl 3p and O 2p orbitals between about -9 and 
-4 eV below the experimental chemical potential µexp (cor-
responding to the Fermi edge position of a silver foil), and 
the lower Hubbard-band from the Ti 3d orbitals centered at 
about -1.45 eV, i.e. separated by roughly 2 eV. 

 
 

 
 
Figure 2. Comparison of the dispersion of the Ti 3d-peak 
along the axes a (left panel) and b (right panel) (from [5]). 
Only in the latter case the maximum position is significantly 
changing and a new feature evolves at higher binding 
energies. µexp corresponds to the experimental Fermi energy. 

 
In Fig. 2 energy distribution curves (EDC) of the Ti 

3d peak are shown, measured along the crystallographic a- 
and b-axis with a He discharge lamp. It can easily be obser-
ved that the spectral changes along the a-axis are much less 
pronounced than those along the b-axis, in accordance with 
the expected quasi-one-dimensionality. Only minor shifts of 
the maximum position are observed in the first case, in 
contrast to the latter one, where besides a binding energy 
minimum halfway between the Γ point (center of the 
Brillouin zone) and the Y point a new structure shows up at 
about -2.5 eV binding energy, parallel to a decrease in 
maximum intensity when going towards the boundary of the 
BZ, finally leaving the peak as a broad hump. This behavior 
has been reproducible and is thus taken to be intrinsic. 

The next step will be suitably doping TiOCl in order 
to metallize the crystals. This is motivated by the 
calculations shown in Fig. 3 [7]. In structurally similar 
layered materials like ZrNCl it was shown that carriers can 
be inserted by intercalation of alkali-metals. We have started 
applying this technique using Na, Cs and Ka dispensers 
from SAES Getters. Though our systematic investigations 
are still under way at present, we can already state that 
remarkable changes in the shape of the Ti 3d peak are 
observed in these first experiments. There seem to be some 
yet unquantified changes in peak position, in addition to a 
pronounced double peak structure independent of the 

position in the BZ. More detailed studies will be presented 
during the workshop. 

 
Figure 3. t2g partial DOS for the 3dxz,yz and 3dxy (inset) 
orbital for different values of the total electron number in 
the respective orbital, obtained by LDA+DMFT (from [7]). 
It can be seen that the 3dxz,yz orbitals develop metallic 
behavior upon electron insertion, while the 3dxy orbital 
remains almost insulating. 
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The quasi-1D mixed valence (3d0/V5+ - 3d1/V4+) 
vanadium bronzes β-AV6O15 (A = Li+, Na+, Ag+, Ca2+, Sr2+) 
have recently attracted attention due to their singular 
properties, such as superconductivity under pressure [1]. A 
metal-insulator transition (MIT), associated with a structural 
transition [2,3] and a charge ordering (CO), occurs between 
90 K (A = Ag) and 180 K (A = Li). The transition separates 
a one-dimensional (1D) metallic state at high temperature 
from a low temperature insulating and pseudo-gapped state 
[4]. An additional antiferromagnetic transition arises at low 
temperature for monovalent cation (A+ : Na, Ag, Li) 
compounds, whereas no magnetic order appears down to the 
lowest temperature in divalent cations (A2+ : Ca, Sr) 
compounds. Magnetic susceptibility measurements even 
suggest the existence of a gap in the spin excitation 
spectrum for SrV6O15 [5].  

Despite the recent upsurge of interest for the AV6O15 
family, several basic problems remain opened, such as the 
driving force of the metal-insulator transition, the topology 
of the charge ordering and the origin of spin gap in SrV6O15. 

Origin of the metal-insulator transition in SrV6O15 

The crystallographic structure of SrV6O15 (see Figure 
1) includes six independent vanadium which form chains 
and ladders running along the b-axis. The Sr2+ ions are 
located in the tunnels formed by the three-dimensional 
V6O15 framework. Recent calculations [6] however reveal 
that the electronic entity, defined by the largest vanadium-
vanadium transfer integrals, consists in a quasi-1D sub-unit 
(= “IPN”) made of one V2-V2 ladder surrounded by two 
V1-V3 ladders. The IPN remains the relevant electronic 
entity below the structural transition (threefold increase of 
the b axis [3]) which appears at the MIT (TMIT = 170 K) in 
SrV6O15. We have performed band structure calculations on 
the room temperature crystallographic structure using the 
DFT-LMTO code. The band structure shown in Figure 62 
confirms the one-dimensional character, with a significant 
dispersion only along the Γ-Υ (b*) direction. Six bands with 
a vanadium 3d character cross the Fermi level. Interestingly, 
the Fermi wave vector of four of the six bands corresponds 
to kF1 ≈ 2π/3b. The Fermi surfaces associated with these 
four bands (not shown) have a strong 1D character, with 
almost flat and parallel sheets. This band structure highly 
suggests that a Charge Density Wave mechanism is the 
driving force of the metal-insulator transition in SrV6O15, 
since the kF1 value is consistent with the observed tripling of 

 
Figure 1. upper part : room temperature structure of 
SrV6O15 (SG : P21/a) [3]. Lower part : quasi-1D electronic 
entity (“IPN”) made of one V2-V2 and two V1-V3 two-legs 
ladders. 

 
Figure 2. band structure of SrV6O15 

the b parameter at the transition.  
Imperfect nesting conditions however exist for two of 

the six bands which cross the Fermi level at kF2 ≈ π/2b. 
Their Fermi surfaces indeed display a warping larger than 
the four others. Also, their kF2 value is not suitable for a 
tripling of the unit cell. No charge gap will therefore be 
opened at the structural transition for these two bands. 
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Assuming that the MIT has the same origin for all the 
AV6O15 family, this scenario explains the opening of a 
pseudo-gap (not a full gap) observed below the MIT in the 
optical conductivity of NaV6O15 [4]. Finally, this CDW 
mechanism has to be at 4kF (and not at 2kF) since the 
insulating state below the TMI is magnetic for all the 
AV6O15. 

Origin of the quantum spin gap in SrV6O15 

Figure 3 shows the magnetic susceptibility χ(T) of 
SrV6O15. The MIT is clearly visible at 170 K. In the 
insulating phase below the MIT, the broad maximum at 50K 
and the progressive drop of χ(T) below 50 K suggest the 
existence of a singlet ground state with a spin gap. A low 
temperature fit suitable for 1D spin gap systems yields a 
spin gap Δ = 4.5 meV. However, all the attempts to fit χ(T) 
by usual 1D models expected to give a spin gap (such as 
spin ladders, see Figure 3) systematically give a χ(T) 
roughly three times larger than the measured value. 

Inelastic neutrons scattering data (see inset of Figure 
3), measured at the 4F1 and 2T1 triple axis spectrometers of 
the LLB (Saclay), directly confirm the existence of the spin 
gap of 4.5 meV They also show that large magnetic 
excitations exist between 4.5 and 9 meV. The understanding 
of these magnetic properties requires the knowledge of the 
CO pattern. Based on the CO pattern proposed for NaV6O15 
[7] and on the electron distribution discussed in Ref. 8, we 
proposed that the CO pattern shown in Figure 3(a) exists in 
SrV6O15. Interestingly, magnetic clusters of six spins s=1/2 
appears in the topology of the antiferromagnetic (AF) 
exchanges (see Figure 3(b)), which can be easily deduced 
from the CO pattern. These “two-legs-three rungs” clusters 
explain the existence of the singlet ground state with a spin 
gap (even number of spin with AF interactions). 

The χ(T) of an “two-legs-three rungs” cluster, 
calculated with the program MAGPACK [9] with 
interactions J1 in the legs larger than J2 in the rungs (as 
proposed in Ref. 6), is closer from the measured data than 
e.g. the χ(T) of an isotropic spin ladder (see Figure 3). The 
magnetic excitation spectrum, also calculated with 
MAGPACK, shows the existence of a singlet ground state 
with a first low energy triplet excitation. The next magnetic 
excitations appear at much higher energy if J1 >> J2.  

Qualitatively, the behavior of the clusters can be 
understood as follows. The three spins 1/2 of a clusters’s leg 
are in strong AF interactions J1 and are at low temperature 
(T < J1) in a doublet ground state : each legs of three spins 
is magnetically equivalent to one spin s=1/2 at low 
temperature. This explicitly explains the factor of three 
between the measured χ(T) and the susceptibility of 1D 
models. As a “two-legs-three rungs” cluster has two legs, it 
behaves therefore as a AF dimer of spin s=1/2 at low 
energy. As inter-cluster interactions can not be neglected, a 
dimer zigzag chain (see Figure 3(c)) is the relevant effective 
magnetic model for low energy excitations. The calculation 
with MAGPACK of χ(T) and of excitation spectra for the 
largest possible segments of the chain (up to five or six 
dimers) indeed show a excellent agreement with the 
measured χ(T) and inelastic neutrons scattering data (see 
Figure 3). 

 
Figure 3. Upper part : (a) schematic drawing of an IPN 
showing the proposed CO pattern of SrV6O15. The rungs 
surrounded by the double lobes contain one d electron. (b) 
magnetic exchange pattern deduced from the CO pattern. (c) 
magnetic low energy effective model : zigzag dimer chain.  
Lower part : comparison between the measured magnetic 
susceptibility (after subtraction of the temperature 
independent term and of a small Curie contribution) and 
several models. Inset : comparison between the measured 
inelastic neutron scattering intensities (lower part) and the 
calculated magnetic excitation spectrum of a finite segment 
of the zigzag dimer chain (see upper part, (c)). 
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The quasi one-dimensional (Q1d) systems are
strongly correlated materials exhibiting some of the
most fascinating phenomena in condensate matter
physics, scaling from commensurate/incommensurate
spin/charge orders/waves to singlet/triplet supercon-
ductivities. The building blocks of these materials are
chains of atoms or (planar) molecules (case of organic
conductors) with large orbital overlaps along a favored
direction resulting in a broad partially filed electronic
band. The rich physical properties arising from the
weak interactions enhanced by the low dimensionality
of the band were largely investigated over the last 4
decades resulting in deep understanding of the underly-
ing physics. An appealing way of putting new elements
into the problem is by crossing the broad Q1d band by a
narrow partially filed band. If the interactions are weak
in respect to the broad band but strong in respect to
the narrow band a whole new field of physical varieties
results from the fine interplay between the two sets of
electrons.

We will demonstrate that the BaVS3 family of ma-
terials is ideally suited for studying such a complex ar-
ray of physical properties. It is a Q1d system consist-
ing of V-3d1 chains, which displays a unique collection
of correlation-driven phenomena, including a metal-
insulator transition driven by the charge-density wave
and/or the spin-density wave as well as the pressure-
dependent crossover between the non-Fermi-liquid and
Fermi-liquid behaviors. In an attempt to understand
better these and many other properties, we have under-
taken a systematic experimental study of BaVS3 and re-
lated compounds. The primary measurements carried
out were those of the transport properties, resistivity
and thermoelectric power (TEP) in function of temper-
ature (from 2 to 600 K), pressure (up to 3 GPa) and
magnetic field (up to 12 T)[1]. In addition to the trans-
port measurements, the strong changes in the electri-
cal and magnetic properties of the system around TMI

were followed by magnetic susceptibility, angle-resolved
photoelectron spectroscopy (ARPES)[2] and frequency-
dependent conductivity[3]. As a result we are suggest-
ing the p-T phase diagram (Fig. 1). Observed physical
properties are interpreted in the framework of the two
band model i.e. by the subtle interplay between the two
sets of electrons.

The suggestion that BaVS3 is essentially a quasi-one
dimensional (Q1d) metal is corroborated by the appear-
ance, around and below 150 K, of the 1d diffuse X-ray
scattering in the precursor regime well above the MI
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FIG. 1: The p-T phase diagram of BaVS3. Second order
MI phase boundary is marked by the red line and in the
high pressure region by the blue line indicating that in pure
samples the phase boundary changes from the second to a
first order. The green spot symbolizes the QCP (at pcr).
The crossover region from NFL to FL is denoted by grey
square where the gradation from light to dark grey indicates
the change of the power-low coefficient n from 1.5 to 2.

phase transition at TMI ∼ 70 K [4], which is thus mani-
festly electronically driven. Although the absolute value
of the d.c. conductivity along the chain is pretty low
the relatively small anisotropy of the d.c. conductivities
along and transverse to the chains, σc/σa ∼3-4, indi-
cates a situation more complex than quasi 1d. Indeed in
the metallic phase the uniform magnetic susceptibility
exhibits the Curie-like temperature dependence, char-
acteristic of local (or narrow band) paramagnetic spins.
Together with the small anisotropy of the conductiv-
ity and its marked dependence on the magnetic field
this suggests that, beside the Q1d electrons which are
responsible for the 1d diffuse line, there is another set
of electrons which account for the transverse conduc-
tion and the Curie-like behavior of the susceptibility.
Actually, the Pauli term of Q1d electrons is negligible
and therefore the measured large susceptibility reflects
principally the properties of the second set of electrons.
Those electrons can be identified on remembering that
the MI transition is preceded by another electronically
driven Jahn-Teller (JT) transition at TS ∼250 K, from
the hexagonal to the orthorhombic phase. This transi-
tion introduces the crystal field splittings but conserves
the equivalence of all sites and bonds within the VS3
chains. The broad 1d band is identified thus as the a1g
band while the narrow band corresponds to one of the
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two eg bands split by the JT transition. Ours recent
AREPS results confirm the presence of such two bands
at the Fermi level[2].

Approaching now TMI from above at ambient pres-
sure the main order parameter is the tetramerization
along the chain associated with the diffuse line with
q = 0.5c∗. The latter appears below 150K, which un-
doubtedly reveals the exact quarter filling of the 1d
band deeply in the metallic phase, while the eg band ac-
commodates the remaining half of the d1 electron per V
site. At TMI diffusive line condenses into the new Bragg
spots, dimerizing, in the second order phase transition,
the chains in the transverse directions. The dimeriza-
tion, weak close below TMI , occurs also in the longitu-
dinal direction. In pure BaVS3 this is accompanied by
the cusp followed by a drop in the uniform magnetic
susceptibility, concomitant with the appearance of the
magnetic (quasi) order [5]. Since the driving mechanism
for the MI transition is associated with the Q1d metallic
electrons the cusp means that they are coupled to the
narrow eg band electrons [1], the spins of which account
for the magnetic susceptibility. This behavior contrasts
with that of e.g. the sister compound Ba1−xSrxVS3

with isovalent substitution of Sr. Above the critical
substitution xcr the susceptibility stays Curie like be-
low the MI transition, which occurs nevertheless[1, 6].
The disappearance of the susceptibility cusp goes con-
comitantly with a sharp change at xcr in the room tem-
perature unit cell parameters. The latter is a clear sign
of the electron charge transfer between the bands, i.e. it
is likely that above xcr the Ba1−xSrxVS3 system slides
away from commensurability. Therefore it appears that
the coupling between the eg spins and a1g electrons is
magnetically efficient only when the a1g band is exactly
quarter filed [1].

A new phase transition occurs in BaVS3 at ambient
pressure on decreasing the temperature to TX ∼30 K.
The neutron scattering[5] demonstrates that it is of the
magnetic nature, corresponding approximately to the
ferromagnetism along the V-chain, with incommensu-
rate ordering of the chain magnetic moments transverse
to the chains. The appearance of the avoided ferro-
magnetism (aFM) is consistent with the positive Curie
temperature (∼20K) determined from the susceptibil-
ity. Noteworthy, the accompanying low T deformation
of the lattice, consistent with the charge and/or orbital
ordering, is described within the VS3 chains of BaVS3 in
terms of the tetramerization and dimerization. On the
other hand in Ba1−xSrxVS3 where the cusp in the Curie
susceptibility at TMI is absent, the transition at TX re-
veals the straightforward FM . Therefore it is reason-
able to understand the aFM observed in the insulating
phase of BaVS3 below TX as the result of competition
between the magnetic (quasi)order coming from the eg-
a1g coupling below TMI and the intrinsic FM order of
the eg spins which sets in below TX [1].

By increasing the pressure, the imperfect nesting in

BaVS3 is enhanced and like in other 1d materials the
MI phase transition is suppressed to lower tempera-
tures. On the contrary for the magnetic phase tran-
sition it is expected, since is originating from more
isotropic set of electrons, to be less pressure sensitive.
Consequently, this necessarily means that the TX and
TMI cross. Indeed, around 1.8 GPa, where TMI ∼15 K,
the system enters a strongly fluctuating regime, highly
sensitive to the magnetic field, the amplitude and the
frequency of the measuring current and to a further in-
crease of the pressure. Closely related to these features,
the phase boundary collapses and a hysteretic behavior
appears in the transport properties and their magnetic-
field-dependent counterparts. At a critical pressure of
∼2 GPa, a non-Fermi liquid (NFL) state arises (with
n∼1.5 in the Tn resistivity law between 1 and 15 K)
in relation to the proximate Quantum Critical Point[7].
The p-H-T phase diagram of BaVS3 in this region has
been explored in some detail with particular emphasis
placed upon the relevance of the spin degrees of free-
dom (on the insulator side) and the role of quantum
fluctuations above the critical pressure. Finally, as the
pressure is increased further, the conventional Fermi-
liquid exponent of n=2 is obtained.

In order to delve further into the subtleties of the MI
transition and the NFL behavior, a comparative study
was carried out on the sister compounds Bax−1SrxVS3

and BaVSe3 and on sulfur-deficient BaVS3. From this
study it became apparent that the imposed chemical
substitution manifests itself as an additional effective
pressure. The inherent disorder of these samples was
observed to affect the NFL behavior by reducing the
exponent n towards a value of 1, while the apparent
ferromagnetic order below 15 K was seemingly inde-
pendent of pressure.

The observed features are consistent with a relatively
simple two-band tight-binding, vanadium-based, model
consisting of a wide quasi one-dimensional band hy-
bridized with a narrow band. Within this context, it
is concluded that the MI transition is controlled by the
Coulomb-interacting electrons of the wide quasi one-
dimensional band. Based on this model a new descrip-
tion of the NFL regime has been proposed.

This work has been carried out in a collaboration with
A. Akrap, H. Berger, I. Kezsmarki, G. Mihaly, I.Kupčić,
P. Fazekas and A. Gauzzi.

[1] N. Barǐsić, PhD Thesis Lausanne (2004),
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[6] A. Gauzzi, et al., cond-mat/0601286
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Sr14Cu24O41 is a quasi-one-dimensional material with 
a composite structure containing incommensurate layers of 
spin-chains and spin-ladders (Figure 1). It presents an 
interesting opportunity to study collective charge dynamics 
in the charge ordered state inside a spin-gapped environ-
ment (for a most recent review see [1]).  

 

b=
12

.9
 Å

 

a=11.4 Å 

10·cChains≈7·cLadders≈27.5 Ǻ  
Figure 1. Crystal structure of Sr14Cu24O41. 

We have characterized the charge response of single 
crystals along the crystallographic directions parallel to 
ladder legs and rungs by means of dc resistivity and low 
frequency dielectric spectroscopy. The ground state in the 
ladder planes can be identified as a charge-density wave 
insulator, but of a non-standard nature. Resonant X-ray 
scattering [2] shows that the charge order develops in the 
ladder planes with a 2D long-range order. Our results 
demonstrate that the CDW sets in below an insulator-to-in-
sulator phase transition and possesses an anisotropic 
phason-like dispersion [1,3] (Figure 2). In varying dc fields 
only negligible nonlinear effects emerging from the 
background noise were observed, at variance with strong 

nonlinearities [4] above a finite threshold field reported by 
other authors [4,5]. 
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Figure 2. Dielectric response strength (upper panel), mean 
relaxation time of phason-like modes (middle panel) and 
logarithmic derivation of dc resistivity along the c- and a-
axis of Sr14Cu24O41. An insulator-insulator phase transition 
at 210K is observed. 
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Known in ancient times as lodestone and used to 
magnetize the mariner’s compass, magnetite (Fe3O4) is still 
today the archetype compound of a number of physical 
properties and applications. For instance, it is a promising 
candidate for the development of highly sensitive magneto-
resistive devices in spin electronics. However, a sufficient 
comprehension of magnetite is mandatory in view of its 
applications and as a reference for similar effects in related 
materials. Particularly, the magnetic and magneto-electric 
properties of magnetite exhibit a conspicuous anomaly at 
TV=121K known as Verwey transition that still defies 
understanding. Being a mixed valence system, there is a 
lack of consensus as to the nature of the metal-insulator 
transition occurring at TV. Apart from the changes in the 
electronic properties, the phase transition also leads to a 
substantial reduction in the symmetry of the lattice. The 
high temperature phase is cubic (Figure 1), space group Fd-
3m and lattice parameter ac=8.396 Å and the low 
temperature phase is monoclinic Cc and a larger unit cell of 
dimensions √2ac x √2ac x 2ac.  Despite very many efforts, 
the actual structure, i.e. the atomic positions within the Cc 
unit cell, is largely unknown and presently The symmetry 
lowering dictates the number of parameters that enters this 
game: if one considers the Fe at octahedral positions alone 
then there is 1 single Fe atom in the cubic phase and 16 
inequivalent Fe in the low temperature unit cell. From the 
electronic point of view it has been assumed that the metal-
insulator transition is going to crystallize in a charge 
ordering of integers Fe2+ and Fe3+, although  there are 
claims that point  to the complete absence of charge 
ordering below TV. In any case, and in view of the strongly 
correlated nature of electrons in magnetite, this ionic picture 
turns out to be simplistic and the real question that remains 
largely open is the amount of charge, δ, that is going to 
localize at the octahedral metal sites giving rise to iron 
charge states of the type Fe2.5±δ. 

 
Figure 1.  Atomic structure of magnetite. Fe-atoms are 
shown in black and oxygens in red. The blue tetrahedra 
represents Fe atoms that do not directly participate to the  
Verwey transition, whereas the pink octahedra contains the 
Fe atoms in a mixed valence state. 

 

To this end we have carried out a series of resonant X-
ray diffraction (RXD) experiments in the neighborhood of 
the Fe K-edge that have revealed distinct signatures of a 
small charge ordering (CO) compatible with the symmetry 
of the low temperature structure (Figure 2). Resonant X-ray 
diffraction is a technique where both the power of site 
selective diffraction and the power of local absorption 
spectroscopy regarding atomic species are combined to the 
best. Resonant reflections are recorded over some tens 
electron-volts around the absorption edge of the elements 
present in the material, showing strong energy and angular 
dependencies. This phenomenon is due to the virtual photon 
absorption associated with the resonant transition of an 
electron from a core level to some intermediate state above 
the Fermi level. By virtue of the dependence on the core 
level state energy and the three dimensional electronic 
structure of the intermediate state, this technique is specially 
suited to study charge, orbital or spin orderings and 
associated geometrical distortions. In the case of charge 
ordering, we exploit the fact that atoms with closely related 
site symmetries but with barely different charges exhibit 
resonances at slightly different energies.  
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The magnitude of the charges, δ ≈0.15 e-, has been 
determined through a refinement of the energy dependence 
around the of the Fe K-edge of the line shape of 30 selected 
reflections of the low temperature structure (Figure 3). Our 
results, in agreement with bond valence sums calculations, 
are in striking contradiction with previous RXD experiments 
that have concluded on the absence of any CO in magnetite. 
This small value of the charge is of fundamental importance 
and strengthen the argument that covalency effects play a 
major role in the physics of these strongly correlated 
compounds. In this paper the strength and limitations of 
RXD will be discussed as well as, hinting why CO was not 
observed in previous experiments. 
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Figure 2. Energy scan of the intensity of the (-441) 
reflection, once corrected for absorption, around the Fe K-
absorption edge. The color codes is in the inset. 

 

With this result, we believe, we have put an end to the long 
story of the CO in magnetite, a discussion that goes back to 
the discovery of the metal-insulator phase transition by 
Verwey. In addition this work stimulates further insights in 
the understandingof metal insulator phase transitions in 
strongly correlated compounds.  

 
 
Figure 3. Part of the collection  of reflections used to 

determine the charge ordering in Fe3O4. 
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Fit without CO 
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Any graduate student starting the study of quantum 

theory of solids knows that the simplest step for band 
calculations and boundary conditions consider first a 
linear chain of atoms before generalizing in three 
dimensions. 

 
However, the first synthesis of one-dimensional (1D) 

or quasi-one-dimensional (Q-1D) compound was only 
realized in the beginning of the 70’s. Then, all the 
concepts developed earlier could face their experimental 
proofs. Among these concepts, Peierls in 1955 has shown 
the instability of a 1D metal interacting with the lattice 
towards a lattice distortion and the opening of a gap in 
the electronic spectrum. This results in the charge density 
wave (CDW) – a concomitant lattice and electronic 
modulation with the wave vector q=2kF. Related to this 
CDW, Fröhlich in 1954, before the BCS theory, 
describes a model in which the CDW can slide if its 
energy is degenerate along the chain axis, yielding a 
collective current without dissipation and thus leading to 
a superconducting state. Fermi instabilities were also 
studied in the case of the spin density wave of chromium 
and also searched in the case of alkaline compounds by 
Overhauser. 

 
The decade 1972-1982 can be considered as a 

«magic» decade for the 1D physics with the first 
synthesis of Q-1D materials and followed by that of 
many other families, discovery of the Peierls instability 
in many of these compounds, CDW and SDW sliding, 
organic superconductivity,…  

 
I will present a personal view how in these last 

decades a backward and forward movement in concepts 
and experimental results took place in quasi-1D 
inorganic and organic conductors, taking for examples 
sliding density waves, low energy excitations, 
metastability and memory effects and dielectric response 
leading to the recent results of charge ordering. 

 
The first 1D crystals ever synthesized were KCP and 

TTF-TCNQ. By diffuse X-ray scattering and neutron 
scattering the nature of their metal-insulating transition 
was elucidated as being of the Peierls type. A huge peak 
in the conductivity just above the Peierls transition 

temperature of TTF-TCNQ raised a gigantesque activity 
as being possibly due to some superconducting 
fluctuations. Among all the theories, Bardeen in 1973 
revitalized the Fröhlich model of superconductivity.  

 
Very soon after, NbSe3 was synthesized and the first 

measurements showed the two characteristic resistive 
anomalies. The result of microwave conductance of 
NbSe3 performed at 9.3 GHz was astonishing, the 
amplitude of the dc resistance peaks being nearly washed 
out; dc and pulsed measurements with different current 
densities demonstrated the non-linearity in transport 
properties. The microwave results, in fact, make 
rememberings to similar results on type-II 
superconductors in the vortex state at frequencies above 
the pinning frequency where the microwave resistivity is 
the same as that one of the dc flux flow. It was Bardeen 
who, two years later, assigned these results on NbSe3 to 
the Fröhlich type conductivity resulting from sliding 
CDW (in the concluding remarks in the Proceedings of 
the Dubrovnik conference in September 1978). 

 
         It was shown that the CDW slides only for an 
applied electric field above a threshold value at which it 
is depinned from impurities. Above this threshold, an ac 
voltage called narrow band noise (NBN) is generated. 
Pursuing the anology with superconductors and by the 
work on vortices on ac-dc interference showing Shapiro 
steps in the I-V characteristics, similar experiments were 
performed on CDWs. Interference takes place when there 
is a locking between the rf field and the frequencies 
measured in the NBN. 

 
New quasi-1D CDW compounds were discovered: 

TaS3, (TaSe4)2I, potassium and rubidium bronze 
A0.3MoO3 with A= K, Rb, (NbSe4)10I3 with the Peierls 
transition at almost room temperature, also in 
(Perylene)2[M(mnt)2] and ludwigite Fe3O2BO3. A huge 
amount of theoretical and experimental works were 
performed for studying the electrodynamics of the CDW 
in these compounds, optical properties, metastability and 
hysteresis, screening effect, pinning effects by well 
defined impurities, complete mode-locking, synthesis of 
high purity crystals, size effects, deformation of the 
CDW….. 
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Similar depinning with very low threshold fields was 

also discovered in the spin density wave (SDW) state of 
Bechgaard salts,(TMTSF)2X, recovery of the SDW state 
by application of a magnetic field (field-induced SDW), 
plateaux in the Hall resistance,….. 

  
Low dimensional charge transfer compounds are 

known to be subject of strong electronic correlations. 
One of the best examples is found in the Bechgaard-
Fabre organic salts. In the attempt to detect in the 
dielectric permittivity any contribution of the diffuse 
one-dimensional 2kF scattering revealed previously in 
(TMTTF)2PF6 and (TMTTF)2Br which grows critically 
below 70 K, the big surprise was to measure in the 
conductivity the opening of a new charge gap, and a huge 
peak in the real part of the permittivity, ε’ reaching 105 - 
106. This giant polarizability was interpreted as reflecting 
the realization of a new charge ordered state of Wigner 
crystal type due to long range Coulomb interactions. 

 
Charge disproportionation was then proved by 

NMR. The generality of this transition in the whole 
family of Fabre salts was established as well as the 
ferroelectric character of this charge ordered state. Many 
other compounds exhibit charge order, in particular two-
dimensional organic quarter-filled compounds, for which 
charge patterns occur along stripes oriented along 
different axis depending on the anisotropy of the 
Coulomb interactions and of the transfer integrals. 
Dielectric permittivity can be a nice tool for 
determination of the stripe orientation by applying the ac 
field parallel or perpendicular to the stripes. 
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The origin of the voltage oscillations generated 

above threshold electric field for depinning of a CDW is 
still subject of some controversy. These oscillations can be 
observed in the transient response of the CDW to current 
pulses or, at constant current, they can be studied by 
performing Fourier analysis. However, a spectrum analyzer 
generally  involves time averaging whereas the amplitude, 
phase and frequency of the oscillations may fluctuate in 
time.  The Wavelet Analysis is a relatively recent method 
which allows to reduce time averages to a minimum and to 
reveal information about short lived events or intermittency 
(1).. It is well adapted for analysing the narrow band noise 
generated by the CDW motion. 
 
Whereas the Fourier decomposition is based on the 
harmonic wave exp(iωt), the Wavelet Analysis is based on 
an analyzing wavelet function. Rather than giving a time 
averaged spectrum, the wavelet analysis decomposes a 
signal into wavelet components which depend on scale and 
time. We have chosen the so-called standard Morlet 
analyzing wavelet which provides a reasonable compromise 
between time and frequency resolution:  
 
Ψ (t) = exp [ict-t2/2σ2] 
 
Ψ(t) is a complex function with an amplitude and phase; it 
represents a sinusoidal oscillation convoluted with a 
Gaussian. The time and frequency resolution of the wavelet 
obeys a Heisenberg-Gabor relation Δt.Δf = 1/2π. The 
wavelet transform of a signal f(t) can be written, in the 
continuous case: 
 
W(a,t) = a-1/2 ∫ f(τ) Ψ*[(τ-t)/a] dτ 
 
where Ψ* is the complex conjugate of Ψ a is the scale 
parameter and t the time variable. W (a,t) depends on scale 
and time. If the parameters a and t are changed 
independently, the distribution of each component of f(t) is 
obtained in the (a, t) plane, that is, in the time-frequency 
domain. Thus, the wavelet transform allows a time-
frequency analysis.  

 

We have performed such an analysis in the case of two 
quasi-1D CDW conductors: (Perylene)2Pt(mnt)2 (2) and 
K0.30MoO3 (3) which show a Peierls transition towards a 
semiconducting state at Tp=8K and 180K respectively. In 

the former, remarkable voltage oscillations with large 
amplitude were observed above threshold at T=4.2K. 
Just above threshold, the Wavelet Transform modulus plot 
reveals one fundamental frequency accompanied by three 
harmonics as well as a periodic variation of the Wavelet 
Transform phase plot from –π to +π as a function of time. 
Well above threshold, an additional low frequency 
component appears with intermittency indicating additional 
depinning and gradual repinning of CDW domains as a 
function of time. In contrast with the low CDW velocity 
regime near threshold, the time evolution of the phase of the 
wavelet coefficient shows abrupt jumps (4). The wavelet 
analysis reveals additional features: i) in spite of a smooth 
time evolution of the fundamental frequency well above 
threshold, the corresponding phase show irregularities; ii) 
the frequencies increase slightly as a function of time; iii) 
their amplitudes are only weakly correlated as shown in 
Figures 1 and 2. 

In the blue bronze K0.30MoO3, we performed a Wavelet 
Analysis of the voltage oscillations above threshold in three 
adjacent segments of the sample at T=80K. The length of 
each segment was 0.5 mm. For the outer segments, a broad 
fundamental and a weak second harmonics is found. In the 
inner part of the sample, a narrow fundamental accompanied 
by a narrow second harmonics is observed. Only for the 
outer segments temporal fluctuations of the amplitude of the 
frequencies are observed (Figure 3). These features are 
consistent with CDW deformations near contacts and better 
temporal coherence away from current contacts. 

Our results on (Perylene)2Pt(mnt)2 and K0.30MoO3 seem 
consistent with the previous statistical study of narrow band 
noise in NbSe3 by G. Lee Link and G. Mozurkewich (5) 
who concluded that the fundamental and first harmonics 
were weakly correlated. Similar results were reported by S. 
Bhattacharya et al. (6). Again, similar conclusions were 
reached more recently by V.B. Preobrazhensky et al. from 
wavelet analysis of the narrow band noise signal in TaS3 (7). 
 
Further work would now involve Bispectral Analysis. It 
represents a measure of the amount of phase coupling in a 
given time interval which occurs when several frequencies 
are simultaneously present in the signal. It would be 
interesting to explore the phase coherence between Fourier 
components.  One should note that two systems can have the 
same power spectra but different bispectra (a well known 
result in acoustics for example). Bispectral patterns for 
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simple CDW models were reported two decades ago by H. 
Konno for different pinning strengths (8). A comparison 
with experiments is lacking.  
 
 

  
Figure 1.Time evolution of the spectral components  
(scalogram) for I=3.2 It in (Perylene)2Pt(mnt)2 at T=4.2K. 
(Color online). 
 
 

 
Figure 2. Same as in Fig.1 for I=3.85It  at T=4.2K.  
(Color online). 
 
 
 

 
 

Figure 3. Wavelet analysis of the voltage oscillations in 
three adjacent segments  of a K0.30MoO3 sample  just above 
threshold. Left and right diagrams correspond to  the outer 
segments; middle diagramme corresponds to the inner 
segment. T=80K. (log scale for the vertical frequency axis). 
(Color online).  
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Figure 1. The map of dimensionless time derivative of NB signal phase. ( Only a part is shown) ω1=2 kHz 

 

 Non-coherent component of narrow band signal in o-TaS3 : the phase analysis  
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The time resolved study of the narrow band (NB) 

signal structure shows  along with  the fundamental (the 
washboard frequency) and its harmonics the presence of a 
rather strong non-coherent component. In this work we 
report on the phase analysis of non-coherent component of 
NB signal and its relation to washboard frequency 
harmonics. 
Introduction 

Since the first observation [1] of the NB signal 
(referred as a narrow band  "noise" in most of publications) 
a lot of experimental and theoretical work has been done to 
clarify the origin of this signal and its relation to the 
dynamical properties of CDW. The milestones of this study 
are as follows [2]. The strict linear dependence between the 
frequency of NB signal fundamental (ω1) and  CDW current 
density has been established and later confirmed for  
exceptionally wide range of frequencies [3] and for many 
CDW-bearing materials.    

Various interference and lock-in effects under 
combined ac+dc excitation have shed light on specific 
peculiarities of CDW motion. In contrast, the origin of well 
pronounced harmonic content of NB signal is still a subject 
 of discussion. 

        Wavelet analysis and various wavelet transform based 
methods  are proven to be  adequate and rather effective 
tools to study the complicated signals with rapidly changing 
amplitude and frequencies, just as the NB signal is `[4,5]. In 
particular, the time domain study of  NB signal fundamental 
based on a  wavelet transform, allow to follow the variations 
of CDW velocity in time  and to attribute the width of the 
fundamental to variations of CDW velocity[6]. 

The present work is based on two premises: (i) the 
benefits of a wavelet analysis allow to observe the non-
coherent component of the NB signal, which is not seen in 
usual Fourier analysis because of abrupt changes of its 
phase; (ii)  the use of a complex  wavelet transform allow to 
monitor the evolution of the phase for non-coherent 
component of NB signal. 

Experimental technique and analytical procedures  

The signal produced by moving CDW in ortho-TaS3 
in a current driven mode  (T=78 K and 90 K) has been 
captured and digitized in real time by means of specially 
designed low noise equipment. The sample dimensions were 
 typically 1µm 2 x 200 µm. 
Morlet functions have been used as a complex orthogonal  
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Figure 2.  Time dependence of dimensionless time 
derivative of phase.  Selected traces from the map 

 
 base to perform continuous wavelet transform of a signal. 

 Results and discussion 

The main observation obtained from wavelet analysis 
of a NB signal is that  along with the oscillations 
corresponding to harmonics of  fundamental (Nω1) with 
integer N there exists as well intense oscillations with 
intermediate frequencies (that ones lying between the N-th 
and (N+1)-th harmonics). 

The frequency range in which these oscillations are 
observed is extended from 4-th subharmonic of fundamental 
at least up to its 8-th harmonic. The amplitude of non-
coherent oscillations is nearly the same, as that for 
harmonics and several times lager than BBN at the same 
frequency. The phase ϕω(t) has been determined just as in 
[6] , as an argument of a complex wavelet transform of the 
signal. 

The dimensionless time derivative of NB signal 
phase  ω - 1∗  dϕ / d t    is mapped in Fig. 1 (for each point on 
the map the time derivative is normalized to appropriate ω 
at which the derivative is obtained). 

Fig. 2. depicts the traces of time derivative taken 
from this map for several selected frequencies. The traces 
shown include   3 intermediate frequencies, which represent 
the non-coherent component of the signal, and the 2-nd and 
4-th  harmonics for comparison. 

The characteristic feature seen from this map is the 
presence of random narrow spikes, which reflect the abrupt 

changes of the phase for appropriate component of signal   
superimposed on  the slow phase variations .  

The time derivative shows a remarkable difference 
between the harmonics of fundamental (Nω1 with integer N) 
and the oscillations with intermediate frequencies. The 
spikes on derivative are observed predominantly for 
intermediate frequencies, while for harmonics of  
fundamental  the small variations of phase are dominated. 
That means the harmonics of fundamental are rather phase 
coherent with the fundamental despite there is no observable 
correlation [8] between the amplitudes of  harmonics and 
that of  fundamental.  
Concluding remarks 

It should be mentioned, that though the amplitude of 
non-coherent oscillations is typically 3-5 times smaller than 
that for the fundamental of NB signal, its frequency range is 
rather broad. Therefore, the spectral power of non-coherent 
oscillations is comparable to that of fundamental and can 
essentially influence the motion of CDW. 

On the other hand, it is well known that linear 
relationship between the fundamental frequency and current 
density is fulfilled rather strictly. In other words, the 
fundamental frequency depends only on current density and 
is independent on any other characteristics. This means that 
non-coherent component reflects rather the temporal 
redistribution of local  CDW velocities, but do not  
contribute directly to current transfer.  

It is pertinent to note, that some notable features, 
revealed in our study, have been also seen in mode locking 
experiments [8]. In particular, a very peculiar behavior of 
harmonics which exhibit a remarkable phase coherence to 
fundamental, but do not show a strong amplitude 
correlations has been also seen in mode-locking conditions. 
In that case it was  attributed to a locking to external drive 
[8]. Perhaps, one can concede, that in absence of external 
drive the fundamental play the same role performing a 
locking of non-coherent oscillations with appropriate 
frequency to form rather phase coherent harmonics. 

The work was supported by Russian Foundation for 
Basic Research under grant 03-02-17208. 
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The ludwigite Fe3O2BO3 is a quasi-one dimensional 
mixed valence oxide which shows transverse charge 
ordering associated with a structural phase transition at a 
temperature of 283 K (1,2). We present preliminary results 
on the ac-conductivity of Fe3O2BO3 along the axis of the 
three leg ladders where transverse charge ordering occurs. 
The frequency dependent impedance shows a resonant-like 
behavior at temperatures below the charge ordering or 
excitonic transition. The resonance-like curves are very 
sharp and suggest the existence of an equivalent electrical 
circuit where a capacitor and an inductor are in parallel 
arrangement or, alternatively, the existence of a resonant 
cavity. The physical origin of these resonances and the 
reason they can be observed is that, differently from most 
charge density wave materials, in Fe3O2BO3 charge ordering 
involves magnetic ions. The frequency of the resonance 
shifts with temperature in a thermally activated way. A 
previous model which considers domain walls between the 
charge density wave configurations could explain the 
observed temperature dependence (1).  

In a previous paper (1) we have studied the 
frequency dependent electrical conductivity of  Fe3O2BO3. 
This material has low dimensional sub-structures in the 
form of three leg ladders (3LL). Below a well defined 
temperature TS = 283 K  these ladders present distortions, 
perpendicular to their axis, giving rise to transverse charge 
density waves (CDW) (2). The ac-measurements were 
carried out with the electric field perpendicularly to the 
ladders. We now have extended  these investigations and 
considered a configuration where the oscillating electric 
field is parallel to the direction of the ladders. 

An important distinction between the Fe3O2BO3 
ludwigite and the common Peierls systems is the existence 
of local moments associated with the Fe ions which form 
the CDW. Previous magnetic studies on Fe3O2BO3 revealed 
the onset of magnetic order at TN1= 112 K, as seen by 
Mössbauer spectroscopy (3), and a transition to a weak 
ferromagnetic phase at TN2 = 70 K associated with a sharp 
peak in the ac susceptibility (3). The maximum of the ac 
susceptibility curve, at TN2, has a negligible frequency 
dependence implying that, in spite of some competition, this 
is indeed a magnetic phase transition and not a progressive 
freezing of the magnetic moments. In spite of this, charge 
effects are the main mechanism determining the structural 
instability in Fe3O2BO3 (4). These systems have much more 

in common with CDW materials than with spin density 
wave (SDW) systems as evidenced by their transport 
properties and anomalous large value of the BCS 
ratio, 2 / B Sk TΔ  (4). For SDW systems this ratio is close to 
the mean-field theoretical value of ~ 3.52.  
We present ac-conductivity measurements in single crystals 
of Fe3O2BO3 at different frequencies and temperatures with 
the electrical field parallel to the 3LL direction (c-axis). 
This complements the previous ac-measurements and the 
dc-conductivity where a thermally activated conductivity 
with an activation energy corresponding to T = 2550 K was 
observed (2) from the charge ordering transition down to the 
lowest temperature of the experiment, TL = 200 K. 
 

 
Figure1. Frequency dependent impedance of Fe3O2BO3 for 
the applied oscillating electric field. 

 
The samples we used in this study have been 

prepared as described in Ref. 3. The conductivity versus 
frequency measurements have been performed in the 
frequency range 100 Hz – 100 KHz on a prismatic single 
crystal of Fe3O2BO3 measuring 0.227 x 0.82 x 1.8 mm3. The 
latter longer length corresponds to the c-axis of the material. 
The frequency dependent impedance is shown in Figure 1 
for various temperatures below the charge ordering 
transition. At high temperatures, T > 226 K, the impedance 
is nearly frequency independent in the range of the 
experiments. As temperature decreases it becomes 
frequency dependent and this culminates with the 
appearance of sharp, resonant-like, features in Z(ω) for T ≤ 
156 K. In order to understand these results, which to the best 
of our knowledge have never been observed in CDW 
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materials, it is essential to consider the magnetic character 
of the low dimensional system. In general in such systems, 
the representative circuit of the material considers an 
effective capacitance and an effective resistance either in 
series or parallel (1). In the present case, due to the 
geometry of the experiment and the magnetic nature of the 
Fe ions involved in the charge density wave, it is imperative 
to take into account the inductance of the sample in the 
representative circuit.  

In Figure 2 we show the fittings of the frequency 
dependent impedance at two temperatures using Lorentzians 
functions. The fittings are very good suggesting a resonant 
nature for the peaks.   

 

  
Figure 2.  Low frequency peaks in the impedance with 
fittings using Lorentzian functions. 
 
Figure 3 shows that the frequencies of the resonance-like 
maxima are thermally activated with activation energy 
similar to that found in the dc transport measurements (2).  

 

: 
Figure 3. Frequency maxima plotted versus inverse 
temperature showing thermally activated behavior for two 
different samples. 
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In contrast to purely one-dimensional electronic 

systems where single-particle excitations cannot exist, 
quasi-one-dimensional conductors are strongly anisotropic 
3D conductors, and single-particle electron and hole 
excitations are allowed. Such a system can be described by 
means of the mean-field theory based on Landau's Fermi-
liquid picture in which interaction modifies free electrons 
making them quasiparticles that in many respects behave 
like non-interacting electrons. Numerous experimental 
studies of both organic and inorganic quasi-1D conductors 
at low temperatures demonstrate, commonly, Fermi-liquid 
metallic behavior and/or transitions to broken-symmetry 
states (charge and spin density wave or superconductivity), 
which are described in terms of Fermi-liquid ideas (for a 
review see Ref. [1]).  

Formation of Luttinger liquid (LL) in quasi-1D 
conductors at low enough temperatures is problematic 
because of the instability towards 3D behavior in the 
presence of arbitrarily small inter-chain hopping. However, 
a transition from room-temperature metallic behavior to 
nonmetallic one accompanied by disappearance of the CDW 
state at temperatures below 50 - 100 K was detected in 
recent experimental studies of temperature and field 
dependence of conductivity of TaS3 and NbSe3 nanoscale-
sized crystals and in focused-ion beam processed or doped 
relatively thick crystals [2]. The low temperature non-
metallic state was characterized by power law dependencies 
of conductivity on voltage and temperature like that 
expected in LL, or by more strong temperature dependence 
corresponding to the variable-range hopping. 

In order to account for such behavior a possibility of 
stabilization of the Luttinger state by defects in quasi-1D 
metals was put forward recently [3]. In such a state 
electronic system exists in a form of collection of bounded 
LL stabilized by impurities. This state is shown to be stable 
towards inter-chain electron hopping at low temperatures. 
Electronic spectrum of the system contains zero modes and 
collective excitations of the bounded LL in the segments 
between impurities. Zero modes give rise to randomly 
distributed localized electronic levels, and long-range 
interaction generates the Coulomb gap in the density of 
states at the Fermi energy. Mechanism of conductivity at 
low temperatures is phonon-assisted hopping via zero-mode 
states, and this is in qualitative agreement with experimental 
data for NbSe3 crystals. 

Such state may occur in nominally pure crystals as 
well because characteristic temperature below which the LL 
can be stabilized by impurities is finite at any impurity 
concentration. Our interest to this case is stimulated by the 
fact that quasi-1D conductors demonstrate many intriguing 

properties at low temperatures, and this properties are still 
not explained convincingly. In particular, in TaS3 a behavior 
typical for hopping conductivity was observed [4] instead of 
Arrhenius law, anomalous behavior of the dielectric 
function [5] and of thermopower [6] was detected. In 
particular, at low temperatures thermopower becomes very 
small and demonstrates highly hysteretic behavior. One can 
speculate that this unusual behavior can be related to the 
formation of the Luttinger phase at very low temperatures 
kT << ħω0, where characteristic energy ω0 ~ e2/l is small due 
to small linear impurity density Nimp = 1/l, l being the 
average distance between impurities along the conducting 
chains. 

In this work we perform theoretical study of 
thermopower in the LL state stabilized by impurities. We 
consider the limit of low temperatures when electron 
transport occurs via phonon assisted hopping between zero-
mode states of bounded LL. Our calculations are based upon 
results of Ref. [3].  However the expression for current in 
[3] was derived within the concept of LL that assumes linear 
dispersion of the electronic spectrum. For such a system 
thermopower is absent because of the electron-hole 
symmetry near the Fermi level. In order to obtain finite 
value one must take into account non-linearity of the 
electron spectrum near the Fermi energy (see [7]).  

The energy structure of the localized zero-mode state 
including non-linearity of the electron spectrum can be 
calculated in details if we ignore long range nature of the 
inter-electronic interaction like it is done in the Tomonaga-
Luttinger model. Thus we consider in detail the case of 
short-range interaction and then discuss modification of the 
results for the case of the long-range Coulomb interaction. 

So we calculate modification of the energy of 
localized zero-mode states due to curvature of the band 
dispersion near the Fermi surface. For the energy of zero-
mode states we find  

 
   ε =  ¼ħωiρ(ξ- nρ)2 + ¼ħωiσnσ2 +  γi[(ξ - nρ)3 + (ξ - nρ)nσ2], 

 
where ωiρ = π vF/Kρ

2li, ωiσ = π vF/li are characteristic 
energies of the localized states, Kρ is parameter of the LL 
describing the strength of the inter-electronic interaction (Kρ 
= 1 in the non-interacting state, Kρ < 1 corresponds to 
repulsion), li is the length of the segment between 
impurities, |ξ|<1 is the random variable depending on 
impurity positions, nρ and nσ are integer eigenvalues 
describing number of excess electron charges and spins in 
segment i. The first term is discussed in [3], and the second 
one, γi = π2ħ2/8mli

2, describes correction due to curvature of 
the electronic spectrum, m is the electron mass. 
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       Then we calculate the shift of the chemical 
potential,  

 
   μ = π2ħ2/(8m < li >)< li

 -1>(6ξ0 - 4 - 3 ξ0
2) < 0, 

 
where ξ0 = ½ (1+ Kρ

2). Assuming Poisson distribution we 
find for values averaged over different segments < li > = l = 
1/ Nimp, < li

 -1>~ Nimp ln(kF/ Nimp). 
Calculation of thermopower includes summation of 

contributions from transitions between states with different 
values of nρ and nσ in the segments. It leads to the result 
resembling the standard expression for differential 
thermopower that can be presented schematically as 

 
S = Σ [± (ε – μ) σ(ε) ] /[ T Σ σ(ε)], 
 

Where σ(ε) is contribution to conductivity at energy ε, and 
summation is performed over all localized states. In the 
considered case of variable range hopping σ(ε) depends 
exponentially on energy.  The sign is different for 
contributions from different localized states. 

In order to find a finite value of the thermopower we 
take into account corrections to the density of localized 
states due to finite value of m, and find   

 
N(ε)  ~ 1/ <ωi > (1 ± a μ ε / <ωi >2), a ~ 1, 
 
Now we can calculate the thermopower. Calculation 

with σ(ε) found in  Ref. [3] gives S ~ μ εc
 2/ <ωi >2T, where   

εc
 ~  T¾ TM

¼
  is characteristic energy for hopping of 

electrons,  TM is characteristic temperature in the Mott’s 
law, with accuracy to logarithmic factor, TM ~ <ωi> ~ vF 
Nimp /Kρ

2. So the Seebeck coefficient reads 
 
   S ~  μ T1/2/ TM

3/2  . 
 
Now we discuss modifications of the results in the 

case of more realistic long-range Coulomb interaction 
between electrons. An important consequence of the long 
range interaction is the formation of the soft Coulomb gap 
around the Fermi energy. Further, characteristic energy 
variation for hopping in this case is εc

2 ~  T TES, where    TES 
~ <ωi > ~ e2 /l is characteristic temperature in the Efros-
Shklovskii law for conductivity (again, we skip a logarytmic 
factor). Then we estimate thermopower as S ~ μ / TES. In 
dimensional units the thermopower value can be estimated 
as 

S ~ (k/e) (Nimp / kF) (ħ vF /e2)  ~ (k/e) (aB /l),    
   

where k is the Boltzmann constant, and aB is Bohr’s radius. 
So thermopower at low temperature does not depend on 
temperature, and it is very small since contains two small 
factors. The first factor depends on density of defects; it is 
equal to the ratio of the Fermi wave-length to the average 
distance between impurities. The second factor describes the 
strength of the Coulomb interaction, and for typical 
materials like TaS3 or NbSe3 it is of the order of 0.01 ÷ 0.1. 
Equivalently, these two factors can be combined in one 
small factor equal to the ratio of the Bohr’s radius to the 
average distance between impurities. 

Now we discuss how our results are related to 
experimental data. There were no measurements in the non-
metallic state observed in [2] and interpreted as LL state. 
However, as we expect that the LL phase may be formed at 
very low temperatures, kT << e2 Nimp, we discuss 
measurements of the thermopower in nominally pure 
materials. Temperature dependence of thermopower in [6] 
at temperatures above ~100 K has a form expected for a 
material in which a gap opens at temperature of the Peierls 
transition. At further temperature decrease thermopower 
reaches maximum and then drops rapidly and even changes 
sign. This anomalous behavior occurs in the temperature 
region where conductivity dependence becomes anomalous 
as well, demonstrating decreasing of the activation energy 
of conductivity from the value related to the Peierls gap. 
This change of sign in thermopower might be a 
manifestation of phase soliton contribution to electronic 
transport [6,8], because the dominant charge of solitons is 
expected to be opposite to the charge of dominant single-
electron carriers [8]. In other words, if electrons dominate 
over holes in the CDW state, then positively charged phase 
solitons must have smaller energy and dominate over 
negatively charged solitons. As sign of the themopower 
depends on the sign of the charge carrier, change of sign in 
the thermopower might manifest the change of sign of the 
dominant charge carriers.  

At still lower temperatures the thermopower  in [6] 
decreases and below  20 K, where one can expect LL-like 
behavior, strong scattering of the data does not permit to 
follow the thermopower behavior. The thermopower in this 
region looks quite small, which does not contradict to 
results expected for the LL state stabilized by impurities. 
However, it is difficult to make definite conclusions. 
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When a voltage is applied to blue bronze, its 
infrared transmittance changes; the changes are 
believed to be proportional to the CDW “strain”, i.e. 
the gradient of the CDW phase [1]. The electro-optic 
response of blue bronze to square-wave voltages 
depends dramatically on the symmetry of the wave.  
For symmetric bipolar square-waves, the oscillating 
response is relatively large, reflecting the reversal of 
the CDW strain, and varies approximately linearly with 
position in the sample [1].  However, for a unipolar 
square-wave, in which the voltage oscillates between 
zero and a voltage of one sign, the response is much 
smaller and (mostly) confined to a region near (~ 200 
μm) the current contact [2].  In this case, most of the 
strain created by the voltage remains pinned in the 
crystal when the voltage is removed, and the small 
oscillating response is due to only to that part of the 
strain which isn’t pinned and can decay.  As discussed 
in Reference [3], pinning of CDW phase dislocations is 
responsible for the non-equilibrium strains which 
remain at V = 0, which are apparently much larger in 
blue bronze than NbSe3 [3]. 

Here we discuss the differences in the frequency 
dependence of the electro-optic response to bipolar and 
unipolar square-wave voltages. The figure shows the 
frequency dependence of the relative change in 
transmission (ν = 820 cm-1), Δθ / θ, at T = 101 K for 
bipolar and positive and negative unipolar square-
waves at a voltage = twice the threshold for non-linear 
current. Responses both in-phase and in quadrature 
with the square-waves are shown.  The x=0 plots were 
for IR light incident in a 50 μm spot adjacent to a 
current contact  The curves show fits to the modified 
harmonic oscillator expression  

 
                  Δθ/θ = Δθ/θ)0/[1 – (ω/ω0)2+ (-iωτ0)γ]. 

 
For the bipolar square-wave at x =0, the 

response is  essentially relaxational, with the peak in 
the quadrature response coinciding with a shoulder in 
the in-phase response (at ~ 1 kHz), i.e. ω0 is large (> 4 
kHz, our maximum frequency) and the exponent γ~1, 
indicating a single relaxation time: the long value of   
τ0 ~ 0.1 ms presumably reflects the motion of the 
dislocation lines pinning the  CDW phase.  For the  
unipolar square-waves, the quadrature response stays 
small even as the in-phase response falls, requiring the 
small value of γ~2/3, corresponding to a decade wide 

distribution of relaxation times.  It is surprising, however, 
that the average time constant for the unipolar responses is 
still long (~ 0.1 ms), suggesting that changes in the non-
pinned contact strains also involve the motion of CDW 
phase dislocations.  Dislocation loops near the contact may 
be smaller than those in the interior and may also be able to 
glide into the contacts rather than climb across the crystal.  

By subtracting the two unipolar responses from the 
bipolar, we can examine the response at x = 0 which is due 
to the non-equilibrating part of the strain which would stay 
pinned at V=0.  The difference data is similar to the bipolar 
response, except that the resonant frequency of the 
difference plot decreases to ~ 3 kHz.  Also shown in the 
figure is the bipolar response 200 μm from the contact, 
where the unipolar response is negligible.  Here there is a 
pronounced resonant feature at ~ 500 Hz, corresponding to a 
~ 300 μs delay of the electro-optic response; this rapid 
increase in inertia of the bipolar response as one moves 
away from the contact is a general observation. That the 
resonant frequency in the difference data is much larger than 
that in the 200 μm response shows that this increase in delay 
away from the contact is NOT due to the fact that the bipolar 
response adjacent to the contact includes faster “non-pinned” 
strains. 
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Phason damping and the glass-like features of the low-temperature specific heat of 
incommensurate phases  

 A. Cano  

 Instituto de Astrofísica de Andalucía CSIC, PO Box 3004, E-18080 Granada, Spain 

 andres@iaa.es.  
 

The low-temperature specific heat of ideal nonmetallic 
solids should follow the Debye law. However, at low 
enough temperatures, deviations from the Debye law were 
observed in a number of ordinary ferroelectrics [1], and they 
are quite common in incommensurates [2]. The origin of 
such deviations is controversial and, given their 
resemblance to what observed in glasses, they are frequently 
connected, in some way, with localized (or quasilocalized) 
excitations as those arising from tunneling two-level 
systems [3]. 
We point out that these glass-like anomalies have a more 
natural explanation. Real crystals contain defects, and 
defects in a crystal lattice make that the corresponding 
normal modes are damped even at zero temperature [4]. If 
this damping is accounted for when computing the specific 
heat, then the aforementioned anomalies can naturally be 
explained [5,6]. It is noticeable that these anomalies come 
from optical and short-wavelength acoustical (damped) 
modes. 
In the particular case of incommensurates, we argue that the 
glass-like anomalies observed in their low-temperature 
specific heat can be explained as a result of the defect-
induced phason damping [6]. Three possible scenarios for 
the phason dynamic are considered: no phason gap, a static 
phason gap, and a phason gap of dynamical origin. NMR 
and inelastic scattering data indicate that these scenarios 
seem appropriate for biphenyl, blue bronze K0.30MoO3 and 
BCPS, respectively. Estimates of the corresponding low-
temperature specific heat are in reasonable agreement with 
those observed experimentally. 
The work presented here was done in collaboration with 
Prof. Arkadi P. Levanyuk of Universidad Autonoma de 
Madrid (Madrid, Spain) and Sergey M. Minyukov of 
Institute of Crystallography (Moscow, Russia). 
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 Electronic excitations in acetylacetone: are we seeing charge density waves ?  

 Vlasta Mohaček Groševa,1 and Hrvoje Ivankovićb   
 aRuđer Bošković Institute, Bijenička c. 54, 10002 Zagreb, Croatia 

bFaculty of Chemical Engineering and Technology, Marulićev trg 19, 10000 Zagreb, Croatia 
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Acetylacetone - Acac - (Fig. 1) is a solvent and a 

catalyst in synthetic chemistry, but is also a model system 
for the study of intramolecular hydrogen bonding. It belongs 
to a class of so called β-diketone molecules which are in  the 
liquid state an equilibrium mixture of keto and enol forms 
[1]. For acetylacetone (Acac) which is liquid at room 
temperature, there are approx. 75 %  of enol and 25 %  keto 
molecules.  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Two tautomers of acetylacetone. 

On cooling of liquid Acac, freezing point  occurs at 228 K 
and a subsequent solid I – solid II phase transition at 215 K. 
On heating, solid II to solid I phase transition occurs at 225 
K, and a melting point onset is at approx. 245 K (see Fig 2.) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2. DSC measeurement of Acac, cooling rate 5 
K/min, heating rate 5 K/min. 

         We have undertaken low temperature Raman study of 
acetylacetone in hope to elucidate the nature of disorder 
present in polycrystalline material [2].   

Experimental 

      Acetylacetone (99.5% pure) was purchased from 
Sigma/Aldrich (Fluka) and used as it is. About 100 μl of 
substance was transfered to a capillary, frozen and sealed 
under vacuum. The capillary was mounted onto the cold 
finger of a closed cycle He cryostat CCS 350 (Janis 
Research)  by which temperatures as low as 8 K were 
reached. Another series of experiments was conducted with 
cryostat VPF 700, Janis Research, operating with liquid 
nitrogen, the lowest temperature was 80 K. Raman spectra 
were recorded with DILOR Z24 spectrometer with triple 
monochromator, and for excitation source we used green 
(514.5 nm) and blue (488.0 nm) lines of argon ion laser 
COHERENT Innova 400. The laser power was 200 mw, 
stepsize was 2 or 4 cm-1, slitwidth 300 μm. 

 

Results and Discussion 

      Crystal structure of Acac was determined [2,3] to be at 
110 K Pnma, with Z = 4, a = 839.6 pm, b = 1598.4 pm,  c = 
406.6 pm. All molecules in the crystal are in the enol form, 
with hydroxyl proton found with equal probability attached 
to either of two oxygen atoms. The molecules have site 
symmetry of C2v.  The question of the type of disorder – 
whether it is static, resulting from random distribution of 
two mirroring enol forms  - or dynamic, resulting from 
proton transfer between two oxygen atoms within the 
molecule, could not be answered by X-ray diffraction.  
     Our results show that the disorder is of the electronic 
type. Broad spectral features at 14230 cm-1 and 18330 cm-1, 
(approx. 1.765 eV and 2.27 eV) are observed as dominating 
the Raman spectra when green laser line is used for 
excitation (see Fig 3.). When the blue line is used, additional 
broad spectral features at 15380 cm-1, 16260 cm-1, 16420 
cm-1, 17360 cm-1 (or equiv. at 1.915 eV, 2.025 eV, 2.045 
eV, 2.162 eV) are observed (Fig 4.). 
     UV-VIS spectra of liquid at room temperature were 
recorded and displayed a broad maximum centred at 290 
nm, that is in UV range,  the spectral part corresponding to 
that observed in Figures 3 and 4 being completely devoid of 
any features. Therefore no electronic transition is observed 
in the visible part of the spectrum of the native molecule in 
liquid. The broad bands in Raman spectra are assigned as 
arising from electronic states formed in crystal by overlap of 
molecular orbitals of the enol form.  
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       There are several particularities concerning the intensity 
distribution between the vibrational transitions (sharp lines 
superposed onto broad bands) and the underlying electronic 
transitions. Sometimes vibrational transitions can hardly be 
seen at all, whereas at other times, the background bands 
seem to subside. According to Petzelt and Dvořak [4] this is 
the property observed in infrared spectra of charge-density 
wave substances. It could be therefore possible that 
acetylacetone belongs to this class of compounds. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
rameter spatially non-uniform and correlated only 

on relatively short distances of the order of 1 μm. 
Finally you will Error! Reference source not 

found. come to the references, which are not supposed to 
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Figure 3. Low temperature Raman spectra. Excitation line 
is green Ar line (19435 cm-1),  scale in absolute wavenum-
bers. 
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Figure 4. Low temperature Raman spectra  of Acac, 
excitation line is blue (20458 cm-1 ). 
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Experimental search for photoluminescence in quasi-one-dimensional conductors  

 V.F. Nasretdinova a, S.V. Zaitsev-Zotov a and D.R. Khokhlov b  
 a Institute of Radio-engineering and Electronics, RAS, Moscow, Russia 

b Physics Department, Moscow State University, Moscow, Russia  
   
 

Photoluminescence properties of quasi-one-
dimensional conductors were studied. Measurements has 
been performed at the temperature 5 K using GaAs LED as 
a light source, a broad-band detector (bandwidth up to ~240 
µm) based on lead telluride, and Ge-plate as a filter to cut 
off the short-wave length radiation. All the samples had 
similar surface areas. We used photoluminescence of a pure 
InSb sample (carrier density is n=1.9 1012 cm-3) for 
reference. Present level of accuracy allows us to establish 
the upper boundary of photoluminescence intensity in 
K0.3MoO3 as 10-2 of that in InSb.  
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The pseudogap phase in (TaSe4)2I
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2Research Institute for Solid State Physics and Optics, P.O.Box 49, H-1525 Budapest, Hungary

  

INTRODUCTION

One dimensional interacting metals are unstable with
respect to charge-density wave (CDW) formation. A
strictly one-dimensional system however cannot exhibit
long-range CDW ordering above T = 0, though strong
fluctuations occur. Increasing dimensionality of the sys-
tem by weak interchain coupling can lead to long-range
ordered CDW at transition temperature well below
the mean-field transition temperature. Consequently,
quasi-one dimensional systems were expected to pos-
sess CDW ground state Among possible candidates, in-
organic conductors as TaS3, K0.3MoO3 and (TaSe4)2I
have attracted much attention. Due to their quasi-
one dimensional nature, CDW ordering and fluctuation
should be considered on equal footings, as was done
in the pioneering work of Lee, Rice and Anderson[1].
Their results fitted a variety of results on the thermo-
dynamic and magnetic properties of inorganic conduc-
tors in the fluctuation regime slightly below and above
Tc[2, 3]. However, the last member of the materials
cited above, namely (TaSe4)2I, exhibits peculiar prop-
erties: 1. Sharp increase of the static spin susceptibility
above Tc in a wide temperature range[3, 4].

2. Smooth increase of the spin-lattice relaxation rate
above Tc[4].

3. As opposed to conventional CDW, no sharp fea-
tures in the spin lattice relaxation rate below Tc[4].

4. Thermal fluctuations die out rapidly with increas-
ing temperature above Tc[5].
The first has been interpreted within the fluctuating
gap model[3], whose application is questionable in light
of the forth. The other two has not been addressed
theoretically so far.

Instead of using the fluctuating gap model, we pro-
pose an alternative model: the low temperature phase
of (TaSe4)2I is dominated by CDW, but the response of
the high temperature or pseudogap phase is attributed
to unconventional charge-density wave (UCDW) [7].
Unconventional charge density waves are density waves
with a wavevector dependent gap, whose average van-
ishes on the Fermi surface (〈∆(k)〉 = 0). As a result, no
modulation of the charge or spin density is expected in
these systems, and the notion ”hidden-order” applies
naturally. The gap function has zeros at the Fermi
surface, where low energy excitations, characterized by
Dirac fermions, occur.

We discuss the coexistence of CDW and UCDW.
Within mean-field approximation, we determine the

phase diagram, and the region of coexistence. We find
that the spin susceptibility and spin lattice relaxation
rate keep on increasing when raising the temperature
above the CDW Tc, in accordance with experimental
data[4]. In addition, no critical divergence of the relax-
ation rate below Tc is found, as opposed to the usual
CDW response[6]. Thus, the four basic properties of
the pseudogap phase are satisfied by our CDW+UCDW
model. For the first three, direct calculations are shown
to evidence the agreement, while the last is argued to
be obeyed since the number of normal particles is heav-
ily suppressed above the CDW due to the presence of
UCDW condensate.

MODEL AND RESULTS

We consider the simple model Hamiltonian describing
density waves given by[8]:

H =
∑

k,σ

[

ξ(k)(a+
k,σak,σ − a+

k−Q,σak−Q,σ)

+∆(k)a+
k,σak−Q,σ + ∆(k)a+

k−Q,σak,σ

]

,

Our system is based on an orthogonal lattice, with lat-
tice constants a, b, c toward direction x, y, z. The sys-
tem is anisotropic, the quasi-one-dimensional direction
is the x axis. The linearized kinetic-energy spectrum is:
ξ(k) = vF (kx − kF )− 2tb cos(kyb)− 2tc cos(kzc)−µ. In
addition Q = (2kF , π/b, π/c) is the best nesting vector
and ∆(k) is the density wave order parameter deter-
mined from the self-consistency condition:

∆(l) = −
∑

k,σ

P (k, l)〈a+
k,σak−Q,σ〉,

where the P (k, l) kernel is a linear combination of the
interaction matrix elements[8]. Since we are focusing on
the coexistence of CDW+UCDW, we take the kernel of
the form P (k, l) = P0 + P1 sin(bky) sin(bly) .Based on
this kernel, the gap belonging to the energetically most
stable (coexisting) phase is given by

∆(k) = ∆0 + i∆1 sin(bky).

The gap-equation has been solved numerically for the
gap amplitudes and the result is shown in Fig. 1 to-
gether with the phase diagram. Coexistence region is
found only around 2P0 . P1. This implies that the
transition temperature to CDW or UCDW is close to

1
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FIG. 1: Upper panel: the temperature dependence of the
gaps are plotted for various interaction strengths. The
curves starting at the highest Tc belong to ∆1. Lower panel:
the mean-field phase diagram. The dashed line stands for
the pure CDW transition in the absence of UCDW.

each other, hence the two phases can compete. By low-
ering the temperature, first the UCDW gap opens at
Tc1 = (2γ/π)vF kF exp(−4/P1ρ0) given by the weak-
coupling solution[8]. It follows the T dependence of the
pure solution until the CDW gap opens at Tc0. Then ∆1

slightly decreases and saturates to a finite value while
∆0 grows in a mean-field manner with decreasing T .

The magnetic response of the model studied includes
the long wavelength static spin susceptibility and nu-
clear spin-lattice relaxation rate. These are related to
the single particle density of states as

χ(T )

χ0

= −

∫

∞

−∞

N(E)

ρ0

∂f

∂E
dE, (1)

R(T )

R0

= −

∫

∞

−∞

N2(E)

ρ2
0

∂f

∂E
dE, (2)

where in the CDW+UCDW phase the DOS is

N(E) = NCDW

(

E

∆0

)

NUCDW

(

√

E2 − ∆2
0

∆1

)

.

Whence, the total density of states in the coexistence re-
gion is characterized by a finite energy gap ∆0 stemming
from the appearance of CDW, and a logarithmic singu-
larity at ±

√

∆2
0 + ∆2

1 reminiscent to that in UCDW. By
inserting the solution of the gap equation into Eqs. (1-
2), we obtain the temperature dependence of the mag-
netic responses, see Fig. 2. At low temperatures, acti-
vated behavior is seen because of the finite CDW gap.
Upon increasing T , a change of slope is exhibited at

Tc0. In the spin-lattice relaxation rate no sharp fea-
ture can be observed close to Tc0. In Maniv’s original
expression[6] the magnitude of the peak was controlled
by ∆ ln(8∆/ωL), ωL being the Larmor frequency. In
our case, the divergence in the density of states is log-
arithmic, hence the Larmor frequency can be taken to
zero.
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FIG. 2: The temperature dependence of the spin susceptibil-
ity (upper panel) and the spin-lattice relaxation rate (lower
panel) are shown for various interaction strengths.

We have successfully demonstrated that our
CDW+UCDW theory qualitatively reproduces the
basic features seen in magnetic probes[2, 4]. The slope
of both the spin susceptibility and the spin lattice
relaxation rate changes when passing through the
CDW transition, and both keep on increasing with
increasing temperature. Moreover, no sharp feature in
R(T ) has been detected experimentally[4] close to Tc0,
in accordance with our findings.
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Wigner crystallization in solids: commensurability effects and the emergence of 
fractionally charged defects 

 S. Fratini 

 Laboratoire d'Etudes des Propriétés Electroniques des Solides - CNRS25, Av. des Martyrs - F38042 - 
Grenoble (France) 

 fratini@grenoble.cnrs.fr 
 

The ground state of a system of electrons in the 
presence of strong Coulomb interactions is a Wigner crystal. 
Compared to what happens in vacuum, the interplay 
between such charge ordered state and the periodic structure 
in a real solid can give rise to novel phenomena. Here we 
focus on the emergence of defects, that behave as 
fractionally charged excitations, being either generated by 
the quantum fluctuations of the basic ordering pattern, or by 
external doping. The effect of such defects on the melting 
transition, as well as on the transport and optical properties, 
is analyzed. 
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Charge-Density Waves and a Possible Extraordinary Surface Phase  Transition at 
(100) Surface of NbSe3 Observed by STM 
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Introduction 

Quasi-one dimensional (1D) metal NbSe3 undergoes 
two successive Peierls transitions at T1 = 144K at T2 = 59K 
with two different charge-density wave (CDW) vector Q1 
and Q2. Early scanning tunneling microscopy (STM) studies 
of NbSe3 presented preliminary results due to the poor 
molecular resolution [1]. The identification of the chains 
and their relationship with the two CDW modulations were 
two open questions for STM measurement. In liquid helium 
Dai et al. finally identified both CDWs and the three 
different chains prsent in the surface unit cell. However a 
discrepancy remained between chains identification at 77K 
and 4K. 

We report here a systematic study of the CDW 
modulations at three temperature (5K, 62K and 78K) with 
molecular resolution in ultra-high vacuum (UHV) by STM.  

Results and Discussion 

The experiment is carried out on fiber-like NbSe3 
single crystals. Samples are cleaved in UHV at room 
temperature. Performing STM measurement on a cleaved 
NbSe3 single crystal is difficult because the sample width is 
of tens of microns. 

At 78K we obtained high resolution topographical 
constant current STM images showing different bias voltage 
dependancy. The three different chains were carefully 
identified. Chain III carries most of the Q1 CDW. 2D 
Fourier Transform (FT) of the STM images shows clearly 
both the lattice and the Q1 superlattice spots in excellent 
agreement with the bulk reported values. Additionally we 
found that chain II, the closest to chain III, presents a small 
Q1 CDW modulation in phase with that on chain I. This is in 
good agreement with x-ray refinements [2]. It might be a 
result of the hybridisation between both chains. 

Strikingly at 78K we also found diffuse spots 
corresponding to the Q2 CDW. These are more elongated in 
the transverse direction than along the chain direction. At 
62K, i.e. 3K above T2, the Q2 CDW is already well 
developped, leading to true superlattice spots in FT of the 
STM images. This coherent Q2 modulation affects mainly 
chain I, which is the chain mostly affected by the T_2 
transition as we observed it at 5K. The modulation 
amplitude of Q2 at 62K is larger than that of the Q1. This 
new observation was reproduced in more than 100 
measurements on several samples and for various locations. 
We postulate that it is an extraordinary phase transition: a 
surface CDW phase transition as predicted by Tossatti and 
Anderson in 1974 [3]. 

 

 
 

Figure 1. 50*50nm2 STM image of (b,c) plane of NbSe3 at 
T~62K. V_bias=-300mV, It=60pA. Both Q1 and Q2 CDWs 
are seen above T2 the bulk critical temperature for the Q2 
CDW, as confirmed in the Fourier transform of this image 
in Fig2. 

This could be consistent with the fact that X-ray 
experiments showed for Q2 (and also for Q1) that the 
fluctuations are 2D in the ab plane [4,5]. Hence the phonons 
are expected to be polarized in the ab plane [6], having a 
component perpendicular to the cleavage plane of NbSe3. 
Atomic displacements could thus be larger at the surface, 
being a mecanism to enhance the coupling of the electron 
system to the phonons. [8] 

 

 
 

Figure 2. 2D Fourier Transform of Fig.1 showing Q1 and 
Q2 superlattice spots with C* lattice spots. 

Additionnally at 5K, we found that other satellite 
spots than the first-order Q1 and Q2 exist the FT of STM 
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images. These are combinations of Q1 and Q2 CDW wave 
vectors suggesting that interaction exist between CDWs.  

References 

[1] C. G. Slough et al. Phys. Rev. B. 39, 5496 (1989); Z. 
Dai et al., Phys. Rev. Lett. 66, 1318 (1991) 
[2] S. van Smaalen et al., Phys. Rev. B 45, 3103 (1992) 
[3] E. Tossatti and P.W. Anderson Solid State Comm. 
14, 773 (1974) 
[4] A.H. Moudden et al., PRL 65, 223 (1990) [5] S. 
Rouzière et al. Solid. Stat. Commun. 97, 1073 (1996) 
[5] S. E. Brown PRB 71, 224512 (2005) 

 
 



Workshop „Recent developments in low dimensional charge density wave conductors“ 
Skradin, Croatia June 29.-July 3. 2006. 

96 



Workshop „Recent developments in low dimensional charge density wave conductors“ 
Skradin, Croatia June 29.-July 3. 2006. 

97 

Inhomogeneity of Charge-Density Wave Vector at (-201) Surface of Rubidium Blue 
Bronze Rb0.3MoO3 

 C. Brun1, Z. Z. Wang1, E. Machado-Charry2, P. Ordejon2 and, E. Canadell2  

 1Laboratoire de Photonique et de Nanostructures, CNRS, route de Nozay, 91460 Marcoussis, France 
2 Institut de Ciència de Materials de Barcelona (ICMAB-CSCIC), Campus de la UAB, 08193, 

Bellaterra, Spain 
 

Introduction 

The blue bronze is one of the most studied quasi-one 
dimensional metals showing a Peierls transition at 
Tp=180K. Using scanning tunneling microscopy under 
ultra-high vacuum at low temperature (UHV-LT-STM), 
constant current topographic images with molecular 
resolution were obtained on an in-situ cleaved (-201) 
surface of a rubidium blue bronze (Rb0.3MoO3) single 
crystal [1]. Molecular lattice and charge-density wave 
(CDW) superlattice were first observed simultaneously at 
temperatures well below Tp. The observed average surface 
CDW wave vector was in agreement with the bulk reported 
value projected onto the (-201) surface. Here, we report 
STM experimental results on the surface inhomogeneity of 
Qb*, the component of the CDW wave vector along the 
chain direction. 

Results and Discussion 

The experiment is carried out on Rb0.3MoO3 single 
crystals from the same batch. Samples are cleaved at room 
temperature in UHV, then transferred to STM head before 
cooling down to 63K or 78K. Care was taken to achieve 
simultaneously molecular and CDW resolution. The number 
N=Qb*/b* characterises the commensurability between the 
CDW and the lattice period along the chains. The bulk 
reported value below 100K is almost commensurate to 0.75. 
In our experiment we extracted (1-N) from the 2D Fourier 
transform of the STM images. 

It is found that for a given sample, optically distinct 
plateaus of 100 microns wide could yield different values of 
N. Moreover on the same plateau, N could change from 0.65 
to 0.79 with a tip displacement of several microns. These 
differences among the N values measured at different sites 
are greater than the typical experimental error of a single 
location measurement. Displacements along the chains or 
perpendicular to the chains on the scale of tens of 
nanometers did not lead to noticeable changes of Qb*. 

After cleavage, different local concentrations of 
surface Rb atoms may arise in particular from those located 
initially at equal distance from the layers. Photoemission 
results showed that induced desorption of alkali ions 
decreases the electronic population at the Fermi level [2]. 

First-principles density functional theory calculations 
were performed in order to understand the physics of the 
inhomogeneity. Calculations are carried out for different 
slabs including different number of octahedral layers as well 
as different density of Rb atoms at the surface. Only valence 
electrons are considered in the calculation. It is found that 
the surface density of Rb atoms plays a key role in 
determining the surface nesting vector. The calculated 

changes in the surface nesting vector induced by different 
realistic concentrations of surface Rb atoms are consistent 
with the observed inhomogeneities. 
 

 
Figure 1. continuous line: calculated b* component of the 
nesting vector of the (-201) surface of Rb0.3MoO3 versus 
surface alkali density. 0 corresponds to the stochiometric 
case. Empty circles refer to the experimental Qb* values 
probed by STM. 
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We present results of our recent experiments 
where cesium vapor was illuminated by the fem-
tosecond laser frequency comb centered at either D2 
line at 852 nm or D1 line at 894 nm (Figure 1.). This 
action changed the usual Doppler profile into very 
peculiar profile with periodic structure that can be 
observed by cw laser scanning probe. The periodic 
structure reflected the frequency spectrum of the pulse 
train consisting of a series of fringes separated by the 
pulse repetition rate. In cesium system the atomic 
coherence relaxation time is longer than the laser pulse 
repetition period. Cs atoms interact with the spectrum 
of the pulse train, and not with the spectrum of a single 
pulse. This opens up a possibility for the high 
resolution spectroscopy [1,2], where the observed 
linewidths are much less than the Fourier transform 
limit of the individual pulse in the train.  

In our recent papers [3,4] we presented the 
observation of the velocity selective population 
transfer between the Rb ground state hyperfine levels 
induced by fs pulse train excitation. We developed a 
modified direct frequency comb spectroscopy (DFCS) 
which uses a fixed frequency comb for the 

85,87
Rb 

5
2
S1/2→5

2
P1/2,3/2 excitation (Tsunami mode locked 

Ti:sapphire laser with pulse duration of <100 fs and 
pulse repetition rate of 80 MHz) and a weak cw 
scanning probe (ECDL at 780 nm) for ground levels 
population monitoring. The Rb(5

2
P1/2,3/2) excited 

atomic levels have the relaxation times greater than the 
fs laser repetition period.  

Similar experimental setup was used in this 
work (see Figure 1.). Weak probe laser (ECDL at 852 
nm) scanned the population of the ground hyperfine 
levels in the 5 cm long pure cesium cell. The cell was 
enclosed in the thermally controllable (with Peltier 
elements) container enabling both heating and cooling 
of the sample. The frequency comb of the fs laser was 
kept fixed during the measurements. The output 
wavelength of the fs laser was positioned either at the 
Cs 6 2S1/2→6 2P1/2 transition at 894 nm or at Cs 6 
2S1/2→6 2P3/2 transition at 852 nm. The maximum 
average power used was up to 500 mW and a spectral 
full width at half of the pulse maximum around 10 nm. 
It was focused onto the center of the glass cell 
containing cesium vapor at room temperature with a f 
=1 m lens producing beam waist of about 300 μm. 

Theoretical modeling of the fs-pulse train 
interaction with the Cs atoms was carried out utilizing 
standard density matrix analysis. Our starting point is 

the Liouville equation for the density-matrix elements ρkl : 

Equation 1. [ ] 1,kl
kl

kl

d i k H l
dt T
ρ

ρ ρ= − −
h

, 

where H is the Hamiltonian of the system and Tkl is the 
relaxation time of the ρkl density-matrix element. The 
Hamiltonian of the system is H=H0+Hint, where H0 is the 
Hamiltonian of the free atom and (Hint)kl=−μklET(t) 
represents the interaction of the atom with the pulse train 
electric field. μkl is the dipole moment of the electronically 
allowed (Fg→Fe=Fg,Fg±1) transitions. The pulse train 
electric field is given by 

Equation 2. 
0

( ) ( ) ( )R L L

N
in i t i t

T R T
n

E t t nT e e t eω ωε εΦ

=

⎡ ⎤= − =⎢ ⎥
⎣ ⎦
∑  

where N is a large integer (order of 106), ε(t−nTR) is the 
slowly varying envelope of the nth hyperbolic-secant laser 
pulse, ΦR is the round-trip phase acquired by the laser within 
the cavity, TR is the laser repetition period, and ωL is the 
central laser angular frequency. εT(t) is the slowly varying 
envelope of the pulse train. The pulse train frequency 
spectrum consists of a comb of N laser modes separated by 
1/TR and centered at ωL+ΦR/TR. The nth-mode angular 
frequency is given by ωn=ωL+ΦR/TR±2πn/TR.  

 
Figure 1. Simplified experimental scheme: BS-beam 
splitter, PD- photodiode.  

 From Eq. 1 a system of coupled differential 
equations for the slowly varying density-matrix elements 
was obtained. Additional terms were included in the 
equations to account for the repopulation of the ground 
states due to spontaneous decay from the excited states 
(repopulation terms) and thermalization of the hyperfine 
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levels (collisional mixing term). The population of the 
kth atomic level is given by the diagonal density-
matrix element ρkk, whereas off-diagonal elements σkl, 
where Li t

kl kle
ωσ ρ −= , represent the slowly varying 

envelope of the coherences. 

 
Figure 2. Experimentally evaluated absorption 
coefficient for the Cs 6 2S1/2→6 2P3/2 transition at 852 
nm with fs laser at D2 (852 nm) or D1 (894 nm) 
resonance exhibiting comb-like structure. Absorption 
without the fs laser influence is also shown on this 
figure. 

 For the cesium vapor at room temperature, the 
inhomogeneous Doppler broadening of about 500 MHz 
is significantly larger than the homogeneous 
broadening. Therefore, the atomic transition frequency 
ωge must be replaced with 'ge ge k vω ω= + ⋅

r r  where k
r

 
is the laser wave vector and vr  is the atomic velocity. 
Different velocity groups correspond to different 
detuning, k vδ = ⋅

r r , so for a given ωn and a given 6 
2S1/2(Fg)→6 2P1/2,3/2 (Fe) hyperfine transition there is a 
velocity group (δn detuning), which fulfills 'n geω ω=  
resonance condition. Since the pulse train frequency 
spectrum consists of a comb of laser modes separated 
by 1/TR (80 MHz), the resonance condition is also 
satisfied for the velocity groups with detuning 

2 / Rk Tδ δ π= ± , where k is positive integer. 
Therefore, different velocity groups are in different 
situation with respect to the excitation (accumulation) 
process, which leads to the velocity-selective optical 
pumping of ground hyperfine levels and velocity 
selective population in excited hyperfine levels. 

To resume, this work shows that it is possible 
to directly manipulate the fractional populations of 
hyperfine ground state levels by varying the comb 
optical frequency spectrum. This could lead to the 
interesting applications in the systems where Doppler 
broadening is negligible—for example, ultracold atoms 
and atomic beam experiments. 
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An intense, near-resonant laser field can 
significantly modify the absorption and emission 
spectra of an atomic system. When a blue-detuned, 
intense, near-resonance laser beam propagates through 
the atomic vapor, a diffuse ring of light may be 
observed around the central laser spot in a far field. 
This phenomenon has been referred in the literature as 
conical emission (CE).  

 
The effect was originally observed in potassium 

vapor [1] and has been the subject of intense 
theoretical and experimental investigation ever since. 
CE was observed both in resonant and nonresonant 
media, using pulsed nanosecond [2] and cw [3] lasers. 
Sarkisyan et. al. reported the observation of potassium 
atomic vapor CE produced by 2-ps laser pulses [4]. 
Recently, we reported about first experimental 
observation of CE based on a Cs2 molecular resonance 
using a femtosecond laser [5]. Continuous wave (cw) 
and pulsed nanosecond (ns) conical emission was  also 
observed in sodium [6], barium [7], calcium [8] and 
strontium vapor [9]. Picosecond (ps) and femtosecond 
(fs) conical emission was observed in glasses [10]. 

 
As physical phenomenon of strong field interaction 
with nonlinear medium, conical emission involves a 
whole range of classical nonlinear-optical effects, such 
as self-focusing,self-phase modulation, 
supercontinuum generation, four–wave mixing, 
stimulated Raman scattering, multiphoton ionization 
and many others, which add up together to produce 
emission in the form of a cone of broad spectra. 
 

 In the present work we report about the 
observation of CE in rubidium vapor induced by ∼10 
nJ, 100-fs laser pulses. The CE was observed when the 
central laser wavelength was in the 740-840 nm 
interval which covers Rb D2 and D1 resonance lines.  

 
The self-focusing of the laser beam, spatial and 

spectral characteristics of the observed CE, cone angle 
dependence on the laser wavelength are described. The 
temporal characteristics of the laser pulses propagated 
through the Rb vapor is given using the cross-
correlation technique with SHG crystal. Several 
physical mechanisms that could lead to the CE  are 
discussed.    

 
 

 
Figure 1. Picture of conical emission in alkalii vapor 

 
Figure 2. Blue shifted spectra of conical emission in Rb vapor 
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We report on new method of measuring sample 
length, based on interferometric measurements. Motivation 
for exploring this technique is to study the coupling between 
charge density wave (CDW) and underlying crystal lattice. 
Several papers report the dilatation measurements on CDW 
systems which can be related to CDW transition [1], CDW 
hysteresis [2], as well as low temperature glass transition 
[3]. Coupling with lattice is also evident from calorimetric 
measurements at glass transition temperature [4]. Our aim is 
to apply this method to other CDW systems as well as other 
systems with electronic superstructure. 
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Figure 1. Principal scheme of optical setup used. Set of 
mirrors at the sample ends give two separate beams that 
interfere with each other, which has been recorded by a 
camera. 

Setup of our experiment is schematically shown in 
Figure 1. He-Ne laser with wave length 632.8 nm and 
output power 25 mW, along with black-white 8-bit CCD 
camera with resolution 752x582 pixels have been used. 
Plain mirrors are used to direct light beams. Two mirrors at 
the sample ends reflect incoming beam creating two 
separate beams that are finally interfering in camera. 
Cooling has been performed using double-walled inox tube 
with copper block at the end. Inox tube was filled with 
liquid nitrogen, while the sample, thermometers, heater and 
lenses were mounted at the end of the copper block, which 

was inside the vacuum chamber. Recorded images show 
fringes that move through the picture as the length of the 
sample changes, Figure 2. Phase shift 2π of fringes in 
camera corresponds to change in sample length by half of 
laser wave length. Maximal theoretical resolution of such 
setup is: 

Equation 1. nm
pix

l 4.0
752

1
222

≈==
λ

π
ϕδλδ , 

though the noise (due to vibrations and defects of optical 
equipment) exceeded this value by far (~10 nm).  

 
Figure 2. Consecutive interferometric samples which show 
shifting to the left side while the sample length is increasing. 

In these, preliminary, measurements we studied 
dilatation in so-called telephone number compound 
Sr14Cu24O41 [5]. This material undergoes transition to CDW 
state at 210 K. Measurements have been performed by 
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increasing temperature from 205 K to 290 K. A change in 
expansion coefficient around phase transition has been 
observed, Figure 3. Expansion is slower while in CDW 
state.  

dl/l0(*10-4)

T (K)
 

Figure 3. Relative dilatation of length vs. temperature. 

Performed measurements are preliminary. We plan to 
measure temperature dependence of sample length with the 
same technique for number of other systems, like (TaSe4)2I, 
blue bronze, (NbSe4)3I, etc. Similar setup will be used for 
measuring changes of samples length in electric field and 
eventually the surface topology related to CDW domains. 
The advantage of this technique would be to provide non-
contact information on static and dynamic changes in 
sample surface. 
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Temporal changes in the amplitude and phase of the 
complex order parameter can describe the dynamics of 
charge density waves (CDW). The low energy degrees of 
freedom are phase excitations – phasons. They are acoustic-
like and therefore govern the low-frequency CDW response. 
However, interaction of CDW with impurities leads to well 
known pinning characterized by a resonant response at GHz 
frequencies. Essential physics of CDW involves screening 
tightly bound with the deformation of CDW. Pinning and 
screening are responsible for the glassy behavior of CDW, 
giving them very special role in the field of glasses [1]. The 
dynamics of the dielectric glass transition strongly 
resembles the scenario of the freezing in supercooled liquids 
[2]. The glassy phenomenology is completed with low-
energy excitations (LEE), a peak in heat capacity (Cp/T3), 
long-time energy relaxation and aging found at low-T [1].  
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Figure 1. Shematic plot of dielectric response of two types of 
glasses (taken from ref. 3) with type A, or strong one and type B, 
as fragile one; α (or structural) relaxation presents viscosity 
(yellow), β relaxation or Johari-Goldstein process (blue), fast 
proces as cage effect (red), boson peak (pink), intramolecular 
modes (gray). 

Overall complexity of the manifestation of the CDW 
glass points to a new class of glass. Relevant degrees of 
freedom concern the CDW superstructure on characteristic 

scales of the size of the phase coherence length (lϕ~μm). As 
the lattice distortion associated with the CDW can be 
thought of as being a “frozen” phonon, we discuss its 
possible manifestations in relation with phenomenology of 
boson peak (BP) in glasses.  

Figure 1. displays a characteristic dielectric response 
of two type of glasses in a more than twenty decades 
frequency range [3]. Together with the primary-α and 
secondary-β processes, at some THz a further loss-peak 
shows up that is identified with the so-called boson peak, 
known from neutron and light scattering (see, e.g., [4]). The 
boson peak is a general feature of glassforming materials 
and corresponds to the commonly found excess contribution 
in specific heat (Cp) measurements at low temperatures and 
a variety of theoretical explanations have been proposed, to 
account for its occurrence. 
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Figure 2. "Low-frequency" dielectric response of two CDW 
systems: blue bronze demonstrates more strong glass properties 
(upper panel) and TaS3 is a fragile CDW glass, with well 
pronounced secondary, β-process and redistributed strength of 
the dielectric response. 

Here, we give some arguments for assuming the 
pinned mode as a boson peak in DW glass. 
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Figure 3. Boson-peak-like excess Cp of  K0.3MoO3 explained by 
the gapped phason contribution with values of the phason gap 
ω0=200 GHz and upper or Debye phason cut-off  ωph∼2 THz, 
consistent with the dielectric data (inset) and neutron scattering.  

Following the old idea of Boriack and Overhauser 
we have applied the analysis of the Cp phason contribution 
first time for a CDW system (TaSe4)2I [5]. We have taken a 
modified Debye-like spectrum with two cut-off frequencies: 
the lower one corresponding to the phason gap given by the 
CDW pinning frequency ω0, and the upper one-the phonon 
frequency ωph at q0 in the absence of the modulation (as 
phason Debye frequency). The same explanation with 
reasonable parameters, in particular with ω0 values obtained 
from microwave or far-infrared measurements has been 
given for other CDW systems (normalized data shown in 
Fig. 4).  
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Figure 4. Low-T Cp normalized to phonon contribution (∝AT3) 
versus relative temperature (ΘD-Debye temperature) for four CDW 
systems. These peaked anomalies were explained by the pinned 
mode contribution. Excess-Cp measured also in one SDW systems 
was consistent with the contribution of the gap in the phason 
dispersion. 

However, this phason approach has been questioned 
and a more simple interpretation was recently given [6] 
based on a lattice phonon origin due to the specific character 
of the phonon branches in these Q1D compounds. Thus, it 
was shown that in the three compounds (except TaS3) the 
bump in Cp/T3 can be obtained from calculations of the 
phonon density of states derived from the low energy 
phonon branches, especially low optic modes with no (or a 

small) dispersion in the Brillouin zone and flat sections of 
acoustic branches near the Brillouin zone boundary. It 
remains  an intriguing question about the interplay between 
the non-dispersive acoustic modes and low-lying optical 
modes with the phason dispersion in all these systems in 
parallel with the open question of the dispersive or 
nondispersive character of the BP mode in glasses. 
Recently Cano and Levanyuk proposed an explanation of 
the glasslike anomaly in low-T Cp of incommensurate 
phases based on the phason damping [7], which was not 
taken into account in our work. Although we have 
questioned the relevance of the damping on the amplitude of 
the power-law contribution at T lower than the peak T, we 
beleive that their damping-approach might be relevant for 
the intensity of the peak (BP) itself. For TaS3 the relative 
damping (compared to the pinning gap) is largest among all 
systems in Fig. 4 and only this system does not exhibit a 
pronounced peak. 

As noticed, the low-ω Raman of supercooled liguids 
gives typical  BP frequency in the THz range. The width of 
the first diffraction peak in x-ray scattering gives the 
correlation length of the disordered structure, typically of 
the order of few nm. Given the sound velocity in these 
glasses, which is typically about 103 m/s, the conclusion was 
that the boson peak arises from the vibration modes of the 
structurally ordered units on nm scales. The corresponding 
‘‘sound’’ or phason velocity is know to be at least order of 
magnitude larger. Thus, the vibrations localized on the 
length scales of the CDW domains would have the 
frequency in the range of the pinning resonance. Therefore, 
we can conclude that the pinning resonance is due to 
localized vibration of the CDW phase ordered on the length 
scales of few hundreds of nanometers, defining the new 
mesoscopic class of glasses. 
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We report on very precise measurement of 

thermopower and resistivity of K-and Rb- blue bronze, 
K0.3MnO3 and Rb0.3MnO3. We have found that, as in 
K0.3MnO3, there exists a deep low temperature minimum in 
the thermopower of Rb0.3MnO3. There are some indications 
that it is due to phonon drag. However, it is interesting that 
the low temperature behaviour of the thermopower can be 
correlated to the resistivity. This correlation can explain 
why the thermopower does not follow simple 1/T behaviour 
above the minimum. Owning to our precise measurements, 
we are able to determine the temperature of the phase 
transition, TP, by the thermopower as well as by the 
resistivity data. The extracted values give that TP is 177.5 K 
for K0.3MnO3 177.8 K for Rb0.3MnO3, i.e. the same value 
within the errors of the measurements. 
   The molybdenum blue bronze compounds A0.3MoO3 (A= 
K, Rb, Tl), the quasi-one-dimensional (Q-1D) compounds 
which undergo the Peierls transition at about 180 K, have 
been investigated for a long time. However, a complete 
physical picture is not established yet and, moreover, there 
still left some not yet measured experimental facts. Here, we 
present, besides some others interesting points, the low 
temperature thermopower of Rb0. 3MoO3. As well known, it 
is very difficult to get the precise data of the low 
temperature thermopower of the Q-1D compounds and, 
moreover, below certain temperature the thermopower 
cannot be measured at all, as already pointed but never 
discussed the reasons for that [1]. Recently, we succeeded to 
measure successfully the thermopower of TaS3 below 50 K 
down to about 25 K [2] and, here, we present the 
thermopower of Rb0.3MoO3 measured down to 37 K. For 
comparison, it was measured by the same experimental 
apparatus and in the same manner the thermopower of 
K0.3MoO3 [3]. We revealed that, as in K0.3MoO3 and TaS3, 
there exists a deep low temperature minimum in the 
thermopower of Rb0. 3MoO3. This extreme in the 
thermopower, much larger than in metals could be, is one of 
the indications of semiconducting character of the low 
temperature phase and it is ascribed, usually, to the phonon 
drag effect [4]. However, some authors try to connect the 
extremes in the thermopower to the open gap on the Fermi 
surface introduced by charge density waves formed at the 
transition [5]. It is difficult to resolve these two effects 
because in both cases, according to theory, the thermopower 
should obey 1/T behaviour.  
Fitting the data above the minimum but below transition 
temperature, TP, to function:  
                            A/T + BT                                                 (1)  
one obtains: for K0.3MoO3: A = -23948 μV and B = +0.682 
μV/K2 in the temperature interval: 115 K < T < 159 K. This 
result is in agreement to the results found in literature 

concerning the order of magnitude [4]. For Rb0.3MoO3, the 
fitting is less successful as one can conclude from Fig.1 and 
there does not exist only one region below the transition 
temperature, TP. where the fit could be applied. The constant 
A extracted is of the order of 10 mV and is comparable to 
the one in semiconductors and, therefore, it seems 
reasonable to assume that the first term in (1) 
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Figure 1. Thermopower of Rb0. 3MoO3 (circles) and K0.3MoO3 
(squares). The lines represent the derivative of resistivities in 
arbitrary units. Inset: The derivative of resistivities at the transition 
temperature. 
 

arises from a real physical origin – the phonon drag origin. 
Some characteristics of the phonon drag thermopower, αg, 
can explain expression:   

                              αg = Cp/3ne                                   (2)          
where Cp is lattice specific heat and n is number of current 
carriers. As the Rb atom is larger then the K atom, it gives 
more electrons in a band although both of them are 
monovalent ones. In that case, the relation (2) explains why 
the extreme of Rb0.3MoO3 is lower than the extreme of 
K0.3MoO3. However, in the other hand, the temperature of 
the phonon drag extreme, Tg, is proportional the Debye 
temperature θ, and θ is proportional to sound velocity, 
which is inversely proportional to square root of mass. The 
molar mass of Rb0.3MoO3 is larger then the one of K0.3MoO3 
and one expects Tg is lower for Rb0.3MoO3. However, the 
experiment does not show this expectation. 
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The existence of the linear term in (1), assumed as a 
diffusion thermopower, is even less clear. Due to the large 
extracted value of B, there are opinions that the relation (1) 
is not a proper function to reveal the underlying physics in 
similar compounds. We think that it is not a problem 
because the charge carriers are not constraint with Fermi-
Dirac distributions which is responsible for the small 
thermopower in metals. But, the different signs of A and B 
indicates two kinds of carriers, and it is not clear, to us, why 
the phonon drag would act on only one kind of carriers 
unless this contribution from the holes can be neglected 
according to relation (2).       

In Fig.1, we add the derivatives of resistivity of both 
compounds. These lines indicate why one cannot measure 
the thermopower below certain temperature. A detailed 
discussion will be given elsewhere [7].  
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Figure 2. Resistivity K0.3MoO3 (squares). The lines represent   
the derivative of resistivity in arbitrary units of both compounds. 
Inset: The derivative of resistivities at the transition temperature. 

 

The resistivity of K0.3MoO3 is presented in Fig.2 (a very 
similar result of the resistivity of Rb0.3MoO3 is omitted for 
clarity and will be given elsewhere [7]). First, one can 
notice a hysteretic behaviour just around where there is 
extreme in the thermopower. The highest difference 
between “up and down” resistivities is at 66 K and the 
extreme in the thermopower is at 57 K. In Rb0.3MoO3, the 
difference of the corresponding temperatures is even smaller 
and these temperatures are 76 K and 72 K, respectively. 
Also, there is certain and interesting hysteretic behaviuor 
noticed in the thermopower data, especially in Rb0.3MoO3 
[7]. Interestingly enough, the resistivity shows activation 

behaviour below this region where the thermopower turns to 
zero but where it cannot be measured. Our results indicate 
that the thermopowers change the sign before it definitely 
reaches zero at 0 K. This part in thermopower indicates an 
abrupt change in the concentration of current carrier – 
perhaps a certain friezing of electrons.  

Finally, we conclude that below Tp down to something 
below the thermopower minimum the concentration of 
current carrier changes and, therefore, the thermopower 
does not show pure 1/T behaviour and the position of the 
extreme is not where the theory predicts. Also, the 
resistivity in that regime does not show the expected 
activation behaviour.  

    In the insets of Figs 1 and 2, we show by the derivative 
the behaviour of the thermopowers and resistivities of the 
investigated systems around the transition temperature. 
First, one can notice that the transitions are rather clear and 
sharp. Therefore, we conclude that the samples are rather 
pure because very small number of impurities smears the 
transition considerably [2]. If one takes the highest point to 
represent Tp one obtains that TP is 177.5 K for K0.3MnO3 
177.8 K for Rb0.3MnO3, i.e. the same value within the errors 
of the measurements. Therefore, the transition temperature 
depends mainly only on the structure of the MoO6 
ochtahedra. 
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Quasi 1-D systems with different ground states as 
CDW,  SDW, or spin-Peierls, all are characterized by non-
exponential, slow heat relaxation at T below ~ 0,5 K [1]. In 
addition, magnetic field shows a strong influence on the 
heat capacity and heat release [2]. 

Here, we have studied the influence of magnetic field 
of low –T heat capacity of the nominally commensurate 
SDW compound (TMTTF)2Br. Due to its commen-surate 
property, the spectrum of internal relaxation time is 
sufficiently narrow, i.e.  below 104 sec at T=90 mK in zero 
field [1] to obtain  the equilibrium heat capacity. 
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Figure 1. Heat relaxation ΔT(t) of (TMTTF)2Br at T=92 
mK in function of magnetic field between 0<B<7T. The 
arrows show the internal relaxation time tin after which the 
exponential equilibrium regime is achieved, shown by the 
straight line. 

In fig 1, we see that tin is reached for about 7000 s, 
whereas the equilibrium decay τeq = 6100 s for B = 7 T. We 
obtain Ceq directly from τeq by: τeq=Ceq*Rhl,  Rhl being the 
heat link resistance. We observe a dramatic influence of the 
field on the dynamics.  

All Ceq data are shown in Fig 2; they obey T-2 laws, 
corresponding to high-T tail of Schottky anomalies. A 
possible Schottky fit is shown for B = 4 T. The amplitude of 
the Schottky anomaly yields the huge value of 6 defects per 
unit cell. So, an origin of the anomalies in extrinsic 
impurities, as strong pinning centers, is to be ruled out.  In 
addition, a metastability of the low field data is evident in 
Fig 3. Starting from the lower branch 1, one recovers the 
upper branch 2 after exposure at high field (>5T) at low T 
(<100mK). It is very difficult to “anneal” this higher state, 

at low temperature, but only by re-heating above the SDW 
transition. (Tc ~ 13 K) Similar metastable branches induced 
by field at low T has been observed in CDW systems as o-
TaS3 and Rb0..3MoO3 [3] 

The analysis of Ceq indicate that a Zeeman energy 
splitting regime ΔE=μH, for fields higher than about 2 T, 
corresponding to a quadratic B2 variation, is obeyed as 
shown in Fig 3. 
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Figure 2. Equilibrium heat capacity from 60 to 300 mK 
under different magnetic fields. The straight lines show the   
T-2 regime. Fit to a Schottky anomaly is shown for the field 
of B = 4 T with an energy splitting Es=52 mK. 
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Figure 3. Heat capacity at T=92 mK vs. magnetic field 
with two metastable branches for fields below B= 2T. 
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Figure 4. Arrhenius plot of the internal relaxation time tin 
versus 1/T. The straight lines correspond to an activation 
energy of Ea ≈ 0.50 K. The attempt time τ0 is of order of 1-2 
second for B=0 field, whereas tin reaches 2*104 sec for 
1/T=15 and B = 4 T. 

 

 
 

This study  shows the field dependence of 
equilibrium heat capacity:  
(i) a huge increase of internal relaxation time upon field, 
following thermally activated processes 
(ii) the B2 dependence of Ceq at high field, due to Zeeman 
field splitting 
(iii) the occurrence of a new metastable branch after 
exposure to high field. This property has also been observed 
in two CDW systems. 
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Figure 5. Deconfinement of a soliton/ antisoliton pair, 
nucleated at the pinning center position yi along the chain, 
under magnetic field. 
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  Bechgaard salts have been subject of intense 
theoretical and experimental research during last two 
decades. Due to their specific crystal structure, consisting of 
organic chains with anions placed into cavities between 
them, their phase diagram contains a number of phases 
reflecting the fundamental properties of quasi one-
dimensional electrons interacting through Coloumb 
interactions. Among them, particulary intriguing is the 
occurence of spin density wave (SDW) induced by magnetic 
field (FISDW). In the case of simple Bechgaard salts, with 
centro-symmetric anions like (TMTSF)2PF6, the FISDW 
phases are predicted and well described by the standard 
model of quantized nesting [ 1]. (TMTSF)2ClO4, the salt 
with tetrahedrally shaped anions, however undergoes the 
anion ordering transition at temperature of 24K that 
dimerizes the crystal lattice in the direction transverse to the 
organic chains. This dimerization has important 
consequences on FISDW properties that are experimentally 
observed as a number of anomalies in the corresponding 
phase diagram (Figure 1(a)), including the strong first order 
transition between the FISDW cascade and the high field 
final phase with physically different properties, as well as 
the occurence of rapid oscillations in transport and 
thermodynamic properties versus the inverse magnetic field 
with characteristic frequency of 260T.  
 

 
Figure 1. (a) Experimental phase diagram of relaxed 
(TMTSF)2ClO4 in magnetic field. (b) Hall effect in the high 
field phase of the same system. [ 2] 

The most recent Hall effect experiments indicate the odd 
integer quantization of Hall voltage in the low-fied phase 
below 7.5 Tesla (FISDW cascade), while the high fileld 
phase is characterised by the wide plateau of quantized Hall 
voltage untill the critical field of 27T where Hall voltage 
undergoes vast nonquantized oscillations increasing in 
magnitude with magnetic field. [ 2]    

In order to explain these findings we extend the 
one-band standard model to two bands introducing the 
transverse dimerization effects as alternation of electron on-
site energies at neighbourng chains by the amount of 
effective dimerizing potential V. The instability of metal 
phase versus the stabilization of SDW ground state is 
characterized by hybridization of inter-band and intra-band 
correlations, systematically neglected in the preceeding 
literature, established in our approach through the rigorous 
matrix susceptibility calculation within the framework of 
random phase aproximation (RPA). The resulting phase 
diagram in the absence of magnetic field predicts two types 
of SDW orderings: SDW0, stabilized for small values of V 
as the inter-band process coinciding to the standard SDW in 
the absence of lattice dimerization, and SDW±, stabilized for 
the large values of V as the intra-band process, the 
combination of two SDWs with generally different 
amplitudes, each at its own sublattice of chains in the 
dimerized structure.[ 3] In the interval between SDW0 and 
SDW±  regimes, appearing for intermediate values of V, of 
the order of electron transverse inter-chain hopping tb, the 
metallic state is stable down to zero temperature. The 
relaxed (TMTSF)2ClO4 should be positioned  just in this 
interval since it shows no SDW ordering in zero magnetic 
field. 

The problem of one-electron states in the quasi 
one-dimensional band with the finite dimerization potential 
and the orbital effects due to finite magnetic field taken into 
account, is in our approach solved exactly [ 4] by treating 
three relevant energy scales, tb, V and the magnetic energy 
ωc on equal footing, thus making possible the analysis in the 
physically relevant regime of intermediate and large values 
of V, as indicated by the recent experiments [ 5]. Along this 
way we obtain the exact solution of magnetic breakdown 
problem, analogous to the Stark interferometer one [ 6]. The 
quantum interference effects result in the change of one-
electron dispersion, FE( ) v ck k N cω δ ω= ± + ±  with integer 
N. The linear spectrum ±vFk is split into two sub-bands 
separated in energy by the product of magnetic energy ωc 
and quantity δ(B,tb,V), so called Floquet exponent coming 
from the diagonalization problem, reduced in our approach 
to the generalized Hill's equation with periodic coefficients. 
This splitting oscillates with magnetic field, as shown in 
Figure 2(b), determining so all essential one-electron and 
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collective properties of the system. Based on that solution, 
we find the best fit of experimentally observed rapid 
oscillations for the relatively large value of dimerization 
potential V, of the order of transverse interchain electron 
hopping tb. 

Quite involved analysis of SDW susceptibility in 
finite magnetic field indicates a competition of SDW0 and 
SDW± orderings, induced by the field in the regime of 
intermediate V, where the intra-band correlations, oppositely 
to the inter-band ones, are favorized in stronger magnetic 
fields. The calculated metal-SDW phase diagram, for the 
best fitting choice of V/tb=0.85, (Figure 2(a)) reproduces the 
anomalous behavior observed in experiments: the odd-
integered SDW0-type cascade of phase transitions, that ends 
up with the strong first order transition at 8T, into the final 
SDW±-type of ordering attaining the plateau of almost 
constant critical temperature Tc

0≈1.1K up to the highest 
fields achievable in  experiments. Keeping only the minimal 
model to take transverse dimerization into account, we find 
the value of Tc

0 few times lower than experimentally 
observed, but the very mechanism of phase transition into 
new high magnetic field state as well as the occurence of 
rapid oscillations are explained satisfactorily.[ 4] 

     The analysis of the quantum Hall effect is done 
using the generalized Thouless-Kohomoto procedure [ 7] 
adapted here to the dimerized system. The result shows the 
odd-integered quantization of Hall conductance in the field 
induced cascade of SDW0 type, 2

xy N e hσ =  (N-odd). The 
corresponding longitudinal component of SDW wave vector 
(Figure 2(d)) is linear in magnetic field thus indicating the 
integer quantization.[ 8] However the Hall conductance, 

2( - 2 )xy N eσ = δ h  (N-even) within the high field SDW± 
phase, is not integer-quantized, but instead undergoes the 
sequence of oscillations increasing in magnetic field due to 
modification of integer N by δ(B,tb,V). The longitudinal 
SDW± wave vector (Figure 2(c)) shows oscillations clearly 
related to oscillations of sub-band splitting in one-electron 
spectrum δωc (Figure 2(b)). The real physical situation in 
the high field phase is in fact more complex, i.e. at low 
temperatures (~1K), where Hall effect is measured within 
each phase, there exist several subphases which we are not 
able to distinguish within our metal to SDW instability 
calculatin. However, the wide plateau of stable N=1 Hall 
state in SDW0 ordering, observed in experiments as well, is 
a good candidate for low temperature phase below critical 
field of 27T. Beyond 27T SDW± takes place at low 
temperatures causing the oscillations in Hall voltage. More 
precisely, in the regime beyond 27T only SDW- ordering is 
established, i.e. only one pair of Fermi sheets, 
corresponding to SDW- wave-vector, is gapped. Presented 
result thus referes to Hall effect induced by SDW-. The 
remaining pair of Fermi sheets stays metallic, although the 
gapped band can influence it due to a coupling between 
them, inducing satellite gaps. The influence of metallic band 
to Hall effect is a subject of our further investigation.  
 

 
Figure 2.  (a) The metal-SDW phase diagram calculated for 
the best fitting choice of V/tb=0.85 (it is used in other figures 
as well). FISDW cascade below 8T is odd-integer quantized 
SDW0 state, while the high filed state is SDW±. (b) The 
oscillations of energy splitting between sub-bands in one-
electron spectrum. (c) The longitudinal component of SDW 
wave-vector in SDW± phase, oscillating in magnetic field. 
(d) The longitudinal component of SDW wave-vector in 
SDW0 phase, linear in magnetic field. 
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