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一 緣由與目的

Since the discovery of high-TC superconductors and materials possessing the properties of
colossal magnetoresistance (CMR), the coupling interactions between the degree of freedoms of
electron, spin, orbital, and lattice have been a subject of extensive investigation in solid state
physics. Among these transition metal oxides, the modulations due to the formations of charge,
orbital and spin ordering are the common characteristic, and accompanying with the occurrence
of the unusual transport behaviour. For instance, the incommensurate modulations due to the
formation of dynamic charge and spin stripes have been only observed in the hole-doped cuprates
(La2-xSrxCuO4) showing superconducting state at low temperatures, and the incommensurability
of the modulations is determined by the concentrations of the holes. The colossal
magnetoresistance as that observed in manganits has also been demonstrated to be strongly
correlated to the formation of the charge, orbital, and spin stripes. In addition, these modulations
(charge, orbital and spin stripes) coupling to the lattice produce a very rich phase diagram.
Experimentally, these modulated structures have been extensively studied using x-ray and
neutron scattering and electron diffraction techniques and have been theoretically demonstrated to
play an important role on the transport behaviour. Nevertheless, the detailed and direct probes of
the correlations between the modulations and the applied fields (either electric or magnetic) are
still of lack. In order to clarify the role played by the modulations in the strongly correlated
electrons system, we attempt to investigate the responses of the modulations to the applied fields
(electric and magnetic fields) in two high-TC superconductor related compounds La2-xSrxNiO4
and ARuO3 (A=Sr, Ba, Ir) using x-ray scattering.
二 英文摘要

In order to get the experience on the field effects of modulated structure, we started with the
measurements on the conventional quasi-one dimensional material K0.3MoO3 because its
transport behaviour has been widely studied. In this experiment, by means of multiple x-ray
diffraction, we demonstrated that the nonlinear conductivity is through the internal distortion of
the CDW (charge-density waves) lattice as the applied voltages approaching to the threshold
value. In addition, we also demonstrate that the CDW lattice can be drove to move through the
dynamic phase transition, i.e., from the pinning state to a moving solid state, and finally to a
disordered moving liquid, as the applied fields exceeding the threshold value.
Keywords: charge-density waves (CDWs), multiple x-ray diffraction, x-ray scattering, creeping
phase, plastic flow, moving solid
三 結果與討論

The dynamic behaviour of the periodic media with lattice imperfections is ubiquitous and
long-standing problem in many condensed material systems, because of the correlation to the
unusual physical phenomena, for instance, the charge-density waves/spin-density waves to the
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nonlinear conductivity, the charge/spin stripes to the CMR and the high-TC superconductivity1,
and the vortex lattice to superconductivity2. In static systems, the imperfections in a medium
result in a disordered ground state which prevents the system from forming a long-range order at
low temperatures, therefore giving rise to unusual physical properties. In dynamic systems under
a driving force, the disordered medium produces a more fascinating phase diagram3,4. Analogous
to the vortex lattice, the inhomogeneous distribution of charge densities also forms a periodic
lattice below the transition temperature, namely charge-density waves (CDWs). Combining x-ray
scattering and multiple diffraction, we demonstrate that the CDW lattice can be driven by a
driving force to move and undergo a dynamic phase transition, i.e. from the disordered pinning
state → ordered moving solid state → disordered moving liquid, and the nonlinear conductivity
occurs through a phase jump of 2π.
Nonlinearity is commonly observed in a very broad range of natural phenomena, from
classical/quantum mechanics to biology, such as the squeezed states in a Bose-Einstein
condensation5 and the conduction of DNA6. The character of such behaviour is the changes of the
symmetry or the length-scale of the states in the system. In condensed materials, the nonlinear
physical properties always go along with the formation of a periodically modulated lattice caused
by the inhomogeneous distribution of charges or spins, namely charge or spin density waves, for
instance, the nonlinear conductivity observed in K0.3MoO3, and 2H-NbSe2, or charge/spin stripes
1, 7

in high-TC superconductors and La2-xSrxNiO4, or other strongly correlated electron systems. In

a system involving the instability of charge densities, its ground state can be expressed as


ρ = ρ o 1 + ∑ Pi cos(2πQi ⋅ r + ϕ i ) where the ρ0 is the undistorted electron density, Pi the
i


ρ
distorted amplitude, Qi the wavevector of the modulation, and ϕ i the phase8. The appearance
of imperfections distorts the lattice, and the phases ϕ i are pinned by the imperfections. It has
been demonstrated that the phase ϕ i governs the dynamic behaviour of this modulated lattice
and is therefore responsible for the occurrence of the unusual physical phenomena, such as the
pinning and memory effects and sliding behaviour9. In this Latter, we demonstrate that the CDW
lattice undergoes a dynamic phase transition as the applied voltage exceeding the threshold. We
also experimentally demonstrate that the occurrence of nonlinear conductivity is through an
internal deformation of the lattice which results in a 2π phase jump10.
2

A good quality single crystal K0.3MoO3 being a quasi-one dimensional material was used
for this study. The crystal structure belongs to the monoclinic system with a space group C2/m.
The lattice parameters11 of K0.3MoO3 are a =18.162 Å, b = 7.554 Å, c = 9.816 Å, and β =
117.393o. The sample was characterized to have a mosaic width of ~ 0.005 ο and pre-aligned
using an x-ray rotating anode source. The in-situ measurements were carried out on the beamline
BL12B2 of SPring-8 synchrotron facility. Two gold stripes spaced ~3 mm were evaporated onto
the sample surface as shown in the inset of Fig. 1, so that the voltage was applied along the b* ,
[010], axis. The sample was glued on the cold head of a cryostat mounted on a 6-circle
diffractometer. A Keithely 2400 source meter was used to generate the driving voltage, and the

I-V curve was measured in the two-probe setup.

Figure 1 shows the non-linear conductivity of the sample at T=70 K, indicating the
transition from pinned CDWs to sliding CDWs. Best fits to the data for the low voltage region,
the I-V curve can be fitted well by an exponential formula as reported by Ogawa et al.
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,

indicating a CDW creeping behaviour. However, we did not observe the hysteretic switching
phenomenon14 at VC for T=70 K because of thermal fluctuations smearing out the switching
transition15. The threshold for the sliding CDWs extracted from the fits to a power
V − VC β
) , gives to VC = 0.165 V and the exponent β = 1.114, suggesting that the sliding
law, I ∝ (
VC
CDWs are a dynamic critical behaviour16~19.

The threshold voltage VC for sliding CDWs was

also confirmed by a plot of dR/dV versus V (the inset of Fig.1).

The evolution of CDW satellite reflection as a function of voltage was probed in-situ using
x-ray scattering.

Since the formation of density modulations occurs at Tc ≈ 180 K, the sample

was cooled down to 70 K. The satellite reflection was located at the Bragg position G = (13 q 6.5),
where q ∼ 0.748. Scans were performed through the longitudinal direction of [2 0 -1], and the
data were convoluted with the x-ray resolution function obtained from the nearby Bragg peak (12
3

0 -6). In Fig. 2a, below VC ~ 0.165 V, where the creeping CDWs occur, the FWHM widths
remain unchanged. This means that the ordering of the quenched disordered CDWs was not
altered by the low driving force in this region. Beyond the threshold VC, the CDW reflection is
getting sharper but weaker. This can be understood that a driving force steers a pinned lattice and
results in inhomogeneous flow20, 21.

As the driving force exceeding the threshold, VC ∼ 0.165 V,

the CDW lattice reorders along the longitudinal direction [2 0 -1] transverse to the field direction.
As the CDWs are driven to sliding along the [0 1 0], the coupling between the chains is further
reduced22, and then could result in the transition toward the smectic type of order3, 23 in the region
II. In this region, because of lacking switching behaviour at the threshold VC, the moving of
CDW lattice can be described as the critical phenomenon of a classical field associated with
distortions, and is still in an elastic flow state14, 18. As the voltage exceeding 0.18 V, the lattice
shows a long-rang ordered state; temporal order. This motional ordered behaviour by a driving
force has also been reported

22

in the NbSe3.

In contrast to the lattice existing nearby the

threshold (VC = 0.165 V), where both pinned and flowing regions coexist, there only flowing part
remains in this motional ordered state; namely a moving solid phase12, 22, 19. When V > 0.22 V,
we observed continuous broadening of the width and decreasing in the amplitude of the
diffraction peak as like the critical scattering, indicating that the moving solid phase started
deforming, and then became a moving electronic liquid phase.

The other key quantity we studied in this Letter is the triplet phase δ3 of a 3-wave multiple
diffraction at different biased voltages. To set up a 3-wave (O,G,L) multiple diffraction
experiment, the crystal is first aligned for a reflection G, the so-called primary reflection. It is
then rotated around the reciprocal lattice vector G with an azimuthal angle ψ

to bring in the

secondary reflection L which also satisfies Bragg’s law. Namely, both G and L reflections take
place simultaneously. O stands for the incident reflection. The interaction of the multiply
diffracted waves modifies the intensity of the primary reflection. Intensity variation showing
asymmetric distribution versus ψ gives the information about δ3, which is the phase of the
structure-factor triplet FLFG-L/FG, where FG, FL, and FG-L are the structure factors of the primary
reflection G, the secondary L, and the coupling reflection G-L involved in the 3-wave
4

diffraction24~26. Previously27, we demonstrated that the triplet phase δ3 due to the coupling
between the CDW lattice and its host lattice can be probed using multiple diffraction. Here we
further demonstrate that measuring the relative change in δ3, ∆ δ3 , caused by a driving force,
makes the study of the internal deformation of the CDW lattice possible.

We concentrated on the particular three-wave diffraction, (0 0 0), (13 q -6.5) and (4 -8 4) at

ψ =108.53o, where the primary reflection is (13 q -6.5) and the coupling reflection is (9 8+q 10.5).
The profile asymmetry of the diffraction intensity of (13 q -6.5) versus ψ at V= 0 is typical for
δ3=0. The phase variation ∆δ3 due to non-zero applied voltages was analyzed based on the

dynamical theory for multiple diffractions24~26. In Fig. 3, the profile develops different
asymmetry at different finite voltages. In the static CDW state, the crystal lattice possesses a
centrosymmetric structure, and a change in the peak profile means that this centrosymmetry is
broken due to the relative motion of ions by a driving force. This results in a non-zero of ∆δ3. As
shown in figure 2b, the ∆δ3 reaches to the top at V = 0.12 ~ 0.14 V. This can be understood as the
internal distortion of CDWs is saturated just before the sliding motion. Classically, upon the
application of bias voltage, the free energy is minimized by the elastic energy cost due to CDW
distortion. After threshold, it is energetically favourable to slid (increasing kinetic energy) rather
holding up the large elastic energy.

The estimated ∆δ3 from curve fitting at 0.1, 0.12 0.13, 0.14,

0.15, and 0.16 V are about 6o, 10o, 18o, 17o, 17o, and 10o respectively, and then back to 0o for V >
0.18 V, as shown in Figs. 4 and 2b. This evidences experimentally that the occurrence of
non-linear transport behaviour is through a phase jump of 2π at the sliding threshold, i.e., from
the pinned to sliding states.

Based on all experimental results given above, the simultaneous studies on I-V curve, the
relative phase change ∆δ3, and the ordering the CDWs as a function of driving voltage have
provided evidence for the origin of the nonlinearity and the dynamic phase transition of a
periodic medium. While it is already exciting to observe these dynamic motions of CDW, it also
opens up many interesting issues requiring further studies. For instance, crossovers between
5

different types of dynamics could be achieved by varying temperatures, and a global phase
diagram can be mapped out completely by varying temperature and driving force, and deepen our
understanding of the dynamic motions of a periodic medium such as that existing in the high-TC
related perovskites.
四 計畫成果

This experiment can not be done without the grant support from NSC. The result has been written
into two papers. One is titled as “X-ray Multiple-wave Interaction in a Quasi-two-dimensional
Material 2H-NbSe2”, and has been published on Acta Crystallographic A 60, 209-213 (2004).
The second one is "Nonlinearity and dynamic phase transition of the CDW lattice", which will be
submitted to PRL.
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Figure legends:
Figure 1: I-V curve: The red line is the fit to an exponential formula which is due mainly to the
thermally activated moving of CDW condensates. The green line is the fit to a power law, giving
a sliding threshold VC = 0.165 V and an exponent β = 1.114. The left inset shows the dimension
of the sample and the experimental setup. The right inset, (dR/dV) shows a transition point at VC
= 0.165 V. An upper limit of the current was set to be 300 mA to protect the sample and meter.

Figure 2: Measurements vs. voltage: (a) The evolution of the peak width as a function of voltage.
The changes of the curves can be divided into three regions; I the creeping CDW state, II the
moving solid, and III the moving liquid. The widths are in the reciprocal lattice unit (r.l.u). (b)
The evolution of the relative phase change ∆ δ3 as a function of voltage. The δ3 changes only as
the driving force approaching to the threshold, suggesting a phase jump of 2π from the pinned to
the sliding CDWs.

Figure 3: Evolution of the 3-wave diffraction profile as a function of voltage: The profile
develops different asymmetry only at voltages of 0.12, 0.13, and 0.14 V in accord with the
regime for a creeping CDW state. This change results from the change of the triplet phase δ3. At
these voltages, the Darwin widths of the reflections remained the same. This makes sure that the
crystal does not destroyed by applied voltages.

9

Figure 4: Curve-fitting of the 3-wave diffraction profiles for ∆ δ3 at V= 0.2 mV and 0.14 V:
Since the primary (13 q -6.5) and the coupling reflection (9 8+q 10.5) are the fractional
reflections, their structure factor amplitudes are much smaller than that of the secondary (4 -8 4)
reflection. Also the amplitudes of (13 q -6.5) are nearly the same for V< 0.18 V. Under this
condition, the modification of profile asymmetry is dominated by the phase, rather than the
amplitude of the structure-factor triplet. The analysis is based on the dynamic theory for multiple
diffraction, giving ∆ δ3 = 0 and 18ο at V= 0 and 0.14 V, respectively.
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