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The importance of shear on the collective charge
transport in CDWs revealed by an XFEL source
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Luc Ortega‘, Anders Madsen?, Pierre Monceau*, Mathieu Chollet®, Isabel Gonzales-VaIIejos,

Vincent L.R. Jacques‘, Aleksandr Sinchenko'

Charge transport in materials has an impact on a wide range of devices based on semiconductor, battery, or super-
conductor technology. Charge transport in sliding charge density waves (CDW) differs from all others in that the
atomic lattice is directly involved in the transport process. To obtain an overall picture of the structural changes
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associated to the collective transport, the large coherent x-ray beam generated by an x-ray free-electron laser
(XFEL) source was used. The CDW phase can be retrieved over the entire sample from diffracted intensities using
a genetic algorithm. For currents below threshold, increasing shear deformation is observed in the central part of
the sample while longitudinal deformation appears above threshold when shear relaxes. Shear thus precedes
longitudinal deformation, with relaxation of one leading to the appearance of the other. Moreover, strain accumu-
lates on surface steps in the sliding regime, demonstrating the strong pinning character of these surface disconti-
nuities. The sliding process of nanometric CDW involves macroscopic sample dimensions.

INTRODUCTION

The charge density wave (CDW) phase is dual in nature, displaying
both an electronic and a structural phase transition. This metal to
insulator transition occurs with the appearance of a gap at the Fermi
level, as well as a periodic lattice distortion at the 2k, Fermi wave
vector. The remarkable feature of the CDW phase is that it is highly
sensitive to many external excitations, such as the temperature (1) or
ultrashort laser pulses (2-7). The 2k, wave vector can even tilt for a
few picoseconds after an ultrashort pulse in LaTe; (8). In the same
family of compounds, the CDW is suppressed by small applied pres-
sure (9) and is strongly modified by chemical pressures (10). Last, a
slight elongation of the atomic lattice along 2k also strongly in-
creases the transition temperature, while a perpendicular elongation
switches the CDW orientation (11, 12).

However, the most interesting feature of an incommensurate CDW
may well be its ability to slide. Under an external applied field exceed-
ing a specific threshold value, a collective current appears. This charge
transport is unique because it is a pulsed and collective mode, which
occurs on macroscopic scale and leads to electronic noise oscillations,
commonly referred to as narrowband noise (13, 14). Furthermore, this
collective current is directly linked to structural changes of the CDW. A
correlation between the CDW structure and the collective current has
been clearly observed in several CDW systems such as in TbTe; (15)
and in blue bronze (16). However, the NbSe; system is the reference
case. In this system, longitudinal deformations are observed, in par-
ticular a compression of the CDW near one electrode and an expan-
sion near the other, but these only appear for applied currents above
threshold (17, 18). This phenomenon has been extensively studied and
is interpreted to be a consequence of a phase slip phenomenon that
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allows the conversion of normal into condensed electrons in the CDW
with wavefronts creation or suppression near the electrodes (19, 20).

A CDW submitted to a force exhibits longitudinal deformation
but also shear. Shear deformation and its change were observed
above threshold by x-ray topography (2I) and below threshold by
microdiffraction (22). In the following, we show that the collec-
tive transport is not just related to longitudinal deformations local-
ized near the electrodes, but involves shear that appears well
before the threshold current, increases up to the threshold and then
relaxes into the sliding state. The original approach proposed here,
based on an XFEL study coupled with a genetic code, enables us to
observe the balance between the two types of deformation, above
and below threshold.

RESULTS

This phenomenon has been observed by using the Linac Coherent
Light Source at the X-ray Correlation Spectroscopy (XCS) beamline
(23) that provides a large and fully coherent x-ray beam, which
are the two necessary conditions for obtaining the CDW phase
over a large area. The (0 1 + g 0) satellite reflection associated to
the CDW in the NbSe; system has been probed by diffraction, with
the incommensurate wave vector g, = 0.243 + 0.001 (see the sketch
of the experimental setup in Fig. 1). The important point for the fol-
lowing is that the measurement has been performed in the central
part of the sample, far from the two electrodes, at more than 100 pm
from them. Integrated rocking curves are shown in Fig. 2 for several
currents, below and above the threshold current I [see Materials
and Methods and (24) for experimental details].

Obviously, the satellite reflection is strongly disturbed with applied
current. As the current increases until the threshold current I, the
satellite peak spreads out along the vertical direction of the detector,
corresponding to the 2k; transverse direction (q,) (see transverse pro-
file projection shown in Fig. 2L). When the threshold current is ex-
ceeded, the diffraction profile contracts again, until it returns to a
state closer in width to the initial one but with two maxima. Although
the main deformation is transverse, a longitudinal deformation is also
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observed. The longitudinal peak profile (Fig. 2M) shows a small shift
near the threshold current I and remains for greater currents. This
longitudinal deformation corresponds to compression of the CDW
period. As already mentioned in Introduction, the contraction/
dilatation that appears above threshold is known to be greater near
the contacts, although it has also been observed far from the elec-
trodes with a lower amplitude (25), as is the case here. Last, the longi-
tudinal peak profile is slightly narrowing at the threshold indicating
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Fig. 1. Sketch of the experimental setup. (A) The bended CDW in NbSes probed
by diffraction in wide angle configuration and the corresponding reciprocal lattice.
The external current is applied along the 2k, wave vector, parallel to the b axis.
(B) NbSe; differential resistance measured during the experiment showing a
threshold current equal to /s = 0.8 mA.
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an increase of the CDW longitudinal correlation length in the sliding
regime (see fig. S4, C and D), in agreement with previous diffraction
experiments (25). At this point, it is important to note the obvious
correlation between the two perpendicular deformations: Below the
threshold, only a transverse broadening is observed, without any
change in the longitudinal direction. As the threshold is approached
and passed, the transverse width diminishes again while a longitudinal
shift in peak position is observed.

The transverse lengthening of the satellite peak observed below
threshold results mainly from the curvature of CDW wavefronts as
already seen in a previous experiment based on scanning diffraction
(22). The bending of CDW wavefronts can be explained by consid-
ering the CDW as an elastic object strongly pinned by the electrodes
and the lateral sample surfaces. The resulting phase is obtained us-
ing the image charge method, which gives, in two dimensions (2D),
and to first order (26)

() x — Eﬁcos(nlﬁ)cos TEIZ (1)

x Y

with the sample size-dependent parameter 8

2 C2

[
-l _ X _’V
p _lz+l2
X y

where [, is the distance between electrodes, /, the sample width, and
¢,» ¢, the corresponding elastic coefficients. The sample thickness (z
direction) is very small compared to the other two and can be ne-
glected. Details on the model are given in (24) and the resulting to-
pology displaying compression-dilatation close to electrodes and
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Fig. 2. Diffraction patterns versus current. (A to K) Integrated rocking curve of the (0 1 + g, 0) satellite reflection associated to the CDW in NbSe;s with increasing cur-
rents. The threshold current /s = 0.8 mA is indicated in (D). (L) CDW peak projection along the transverse direction (qy) for different currents. (M) CDW peak projection

along the longitudinal direction (q,).
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wavefront curvature in the central part is shown in figs. S6 and S7.
Below threshold and away from the electrodes, the shear is dominant
and the stress-strain tensor is reduced to the shear component. In
that case, the stress e and strain ¢ can then be expressed as a function

of the CDW phase (27),¢,, = ¢, = ; ql ?

As a first step, the vertical diffraction profiles are interpreted by
only considering shear, i.e., the y dependence in Eq. 1. The quadrat-
ic phase, ¢(y) = ay? + Py, leading to curved CDW wavefronts,
gives an expression for the diffracted intensity containing two error
functions [see (24)]. The overall behavior of the peak profiles versus
current can be reasonably fitted by this simple model: The CDW
curvature increases until threshold and decreases above (see figs.
S7 and S8B). However, a single CDW wavefront curvature from
one edge of the sample to the other cannot reproduce the observed
asymmetric profiles.

To go beyond this simple analytical model, a genetic code was
used to obtain the CDW phase from diffracted intensities. Phase
retrieval from diffraction techniques still remains a challenge for
conventional sources, and even more so for emerging XFEL sources,
where the self amplified spontaneous emission (SASE) process re-
sults in fluctuations of beam pointing. For example, ptychography
methods (28) remain difficult to implement from those fluctuating
sources. Here, an alternative retrieval method is used that first con-
sist in expanding the phase on basis of eigenfunctions and then ap-
plying a genetic algorithm denoted differential-evolution (DE) (29)
to fit all coeflicients of the series. The DE method is a stochastic
process which is not based on conventional gradient methods to
solve the standard minimization problem, but probes large areas of
configuration space and therefore, it can be used to solve even dis-
continuous or noisy cases. Iterative methods based on the DE algo-
rithm are known to be very eflicient for global optimization, despite
the large number of adjustable parameters (30, 31). The algorithm is
computationally intensive but one can take advantage of its inherent
parallelism i.e., the y? calculation on a population of trial vectors
can be done by independent threads. The calculation of intensity
profiles was coded in OpenCL and runs on a graphics processing
unit (GPU), allowing to test several hundred thousand trial vectors
per second.

The phase (b(y) has been expanded in terms as a short Fourier
series, whose first term corresponds to Eq. 1. In addition, a convolu-
tion with a resolution function containing a double Lorentzian has
been used to take into account beam pointing errors and intensity
fluctuations which enlarge the average beam width and extend the
background. Last, 14 adjustable parameters have to be considered.
The best fit obtained after DE optimization is shown in Fig. 3A, to-
gether with the corresponding phase d)(y) in Fig. 3B, its derivative
0¢ / 0y in Fig. 3C, and the CDW state in real space in Fig. 4. The fit is
excellent, taking into account the asymmetric profiles, with a steady
evolution of coefficients (see fig. S10). Despite the large number of
free parameters, and the few constraints imposed on each of them,
the fit reveals relevant physical properties, in agreement with the
previous analytical model (see fig. S9).

Before discussing these results, however, it is important to review
the different ways of estimating the transverse deformation. Shear,
which manifests itself as an elongation of the peak in the vertical
direction, can be estimated using different approaches: either by the
first coefficient of the Fourier series (the parameter C, in the eq.
$12), or by the averaged second derivative (9°¢(y) / 3y*), or by the

—6 =g
ando,, =0, =qjce,,.
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quadratic term o in the phase expression used in the analytical mod-
el, or finally by the transverse peak width characterized by its trans-
verse SD. All approaches yield qualitative similar results and are
presented in fig. S11.

DISCUSSION

First, let us look at the behavior of the phase below threshold. Note
that the CDW is already curved at I = 0 mA (see Figs. 3B and 4),
whereas we would expect flat wavefronts in the pristine state. This is
due to a memory effect from earlier current injection performed to
test the contact quality before measurement (32). This curvature
then increases continuously with current, always exhibiting an al-
most quadratic phase, i.e., an almost linear derivative (see Fig. 3, B
and C). This effect is also observed from the SD shown in Fig. 5 and
from ( 62¢(y) / 0y*) or from the C, component. In the last case, the
C, component is approximately proportional to the applied current,
in a regime that can be considered as elastic (see fig. S10A). This is
in agreement with Eq. 1, which considers an elastic CDW, strongly
pinned by surfaces (22). The increasing curvature with current be-
low threshold is in agreement with previous experiments based on
scanning diffraction with a partially coherent microbeam (26). The
similarity of the two results, obtained from two very different tech-
niques, validates the DE code used here to retrieve the CDW phase.

The threshold current is associated with sudden CDW phase
changes in both transverse and longitudinal directions, including a
shear relaxation, which had never been observed before. In the vi-
cinity of the threshold field, the transverse phase tilts, becomes less
and less sinusoidal and the curvature decreases (see Fig. 4). The
phase tilt is responsible for the vertical shift of the satellite peak
above the threshold as shown in Fig. 2A. The phase derivative, pro-
portional to strain and stress, becomes less and less linear and its
average slope decreases with current. A strong relaxation of the C,
component is also observed above threshold (see fig. SI0A). This
reduction in curvature above threshold is also observed when using
the quadratic model mentioned above (see fig. S9).

Furthermore, the genetic code fit, while respecting the overall
q)(y) curvature, reproduces the asymmetric profiles by adding local
curvature variations. The phase derivative displays two main maxi-
ma whose amplitude increases with current but whose position re-
mains stable (see arrows in Fig. 2C). Obviously, these two maxima,
appearing on top of the global curvature, emerge naturally from the
fit without any constraint on its existence or position. We speculate
that the two pronounced maxima are the results of surface steps
leading to local discontinuities in the wavefront. These can be seen
in Fig. 4, where the phase extracted from the data is used to image
the CDW in real space. The presence of surface steps is not unex-
pected since NbSe; samples frequently exhibit surface steps as
shown in the sample image (see fig. S1).

The observed shear relaxation (see Fig. 5) is the consequence of
the dynamical character of the sliding regime. The strain seems to
relax by a time-averaging effect. In the static and elastic regime, the
static CDW bends until it reaches a maximum shear. The shear is
then released due to the periodic creation of CDW solitons that,
once created and set in motion, are responsible for periodic oscilla-
tions of the electronic noise. A similar time-averaging effect has
been observed by coherent x-ray diffraction, where the satellite re-
flection displays static speckles below threshold, which then disap-
pear above once the CDW is set in motion (33).
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Fig. 3. CDW phase versus current. (A) Transverse profiles after vertical integration and the fit obtained by the genetic code. (B) CDW phase versus current. Each curve is
offset from the previous one by 2x. The phase at the threshold current /s = 0.8 mA is shown as a red dashed line curve. (C) Phase derivative versus current (offset = 0.3)
with arrows indicating the two step positions.
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Fig. 4. CDW state versus current. 2D maps of the CDW state corresponding to six
currents, below and above the threshold field (I = 0.8 mA) by using the CDW
phase obtained from the fit. Wavefronts corresponding to a constant phase are
represented in yellow. The two arrows show surface step position.
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Fig. 5. Longitudinal versus shear strain. Comparison of the CDW peak transverse
width 6, (shear) in red with the displacement of the longitudinal satellite position (com-
pression) in blue for the different currents. The threshold current /s position is shown by
the red dashed line. The inset is a zoom of the small currents below threshold, corre-
sponding to the framed area (blue dashed region), highlighting the contrast between
the exponential increase in shear and the longitudinal strain, which remains unchanged.

The situation is reversed on steps, where no relaxation is ob-
served above threshold, but instead an increase in the derivative
with current is seen. The phase derivative on steps that appears
increasingly strong with current can be explained by a strong local
pinning preventing sliding (21, 27). In the dynamical regime, the
CDW slides everywhere except on steps, leading to flatter wave-
fronts between steps and locally enhanced shear strain on each
step (see Fig. 2). The phenomenological elastic model mentioned
above can reproduce the behavior of the CDW between steps. The
transition from the static state below threshold to the dynamic
sliding regime can be produced phenomenologically by decreasing
the ratio between the two elastic constants ¢, / c, (see fig. 7).

The first conclusion of this paper is methodological. The phase
retrieval method based on genetic code using the DE algorithm
is an efficient approach to reconstruct phase objects from XFEL

Le Bolloc’h et al., Sci. Adv. 11, eadr6034 (2025) 3 January 2025

sources. It all depends on the choice of eigenfunction basis, which
must be best suited to the physics under consideration. In our
case, a Fourier basis has been chosen because the first order cor-
responds to the theoretical case, thus reducing the number of
component.

Concerning the physics of incommensurate sliding CDW, we
were able to disclose notable features. First, shear precedes longi-
tudinal strain below the threshold, and increases linearly until
it displays a strong discontinuity at the threshold. Second, the
dynamics of the sliding regime leads to time-averaged relaxation
of the wavefront curvature, while on the contrary, strain accumu-
lates on the surface steps due to the absence of sliding at these
locations. The third point concerns the strong correlation existing
between longitudinal and shear deformation (see Fig. 5). Longitu-
dinal deformation appears when the transverse deformation drops
and relaxes. The collective current in sliding CDW is linked to the
two types of deformations, which are strongly correlated. The slid-
ing process involves solitons nucleation in a macroscopic but fi-
nite crystal, confined and driven by longitudinal and transverse
sample boundaries.

MATERIALS AND METHODS

Diffraction experiment setup and details

The incident 8-keV x-ray beam generated by the XFEL source is
made of pulses of less than 50-fs duration time at 120-Hz repeti-
tion rate and was focused on a spot of about 30 pm in diameter at
the sample position. The diffracted intensity was recorded with
a 50 pm X 50 pm pixel size detector located 8 m from the sample in
the horizontal plane. The 39 pm X 3 pm X 2.25 mm NbSes crystal
was glued on a sapphire substrate and connected via two electrical
contacts 500 pm apart and submitted to external dc current (see
fig. S1 for the sample optical microscope image). The sample was
cooled down to 100 K on the XCS diffractometer, below the first
CDW transition (Tc; = 145 K). The (01 + g 0) with the incom-

mensurate wave vector g, = 0.243 + 0. 001( > ) was probed ver-

sus applied current. The threshold current, measured in situ, was
equal to Iy = 0.8 mA. The x-ray beam was localized in the central
part of the sample, far from the two electrodes, at more than
100 pm from them (see the experimental setup in Fig. 1). Each im-
age in Fig. 2 corresponds to the sum over the entire rocking curve
made of 40 angles, every 0.005° around the maximum peak inten-
sity, with 480 images per angles, that is, 19200 images in total. The
rocking curve at I = 0.3 mA was repeated twice to ensure mea-
surement repeatability.

Genetic code

The genetic code used to retrieve the CDW phase fits the diffraction
profiles for a population of trial vectors, at each iteration of the DE
algorithm. This part was coded in OpenCL and run on the NVIDIA
RTX 3060 GPU, enabling 700,000 test configurations per second.
The phase was expanded on a Fourier basis closely related to the
elastic pinned model discussed previously, with the expected cosine
function as the first term. A Lorentzian convolution has been used
to take into account the direct beam profile. The fitting procedure
was checked for optimum component number, stability, and repro-
ducibility (see fig. S10). A tiny slope in the background is also used.
Fourteen free parameters have been considered.
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