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Stereoscopic study of the angle-dependent magnetoresistance oscillations across the
charge-density-wave transition of the organic conductor a-(BEDT-TTF),KHg(SCN),
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The stereoscopic angle-dependent magnetoresistance oscillations (AMRO) in an organic conductor a-(BEDT-
TTF),KHg(SCN), were measured across the temperature-pressure boundary that separates the charge-density-
wave state from the metallic state. The gnomonic projections of the data clearly resolved the contributions
from different parts of the Fermi surfaces. The temperature and pressure dependencies of the AMRO results
revealed the progressive formation of a quasi-one-dimensional orbit in the charge-density-wave state. The AMRO
measurements at ambient pressures and at low temperatures revealed the presence of two sets of quasi-one-
dimensional Fermi surfaces. Additional evidence for multiple quasi-one-dimensional orbits was obtained from
the data collected in conjunction with the in-plane field rotations.
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I. INTRODUCTION

The layered organic conductor a-(BEDT-
TTF),KHg(SCN)4, where BEDT-TTF denotes
bis(ethylenedithio)tetrathiafulvalene, has been extensively
investigated over the years.'” At a pressure of 1 bar, this
conductor undergoes a phase transition to a charge-density-
wave (CDW) phase at a temperature Tcpw (~8 K)." Tepw
decreases with increasing pressure and vanishes above
P. (3—4 kbar).'"'? The metallic electrical conductivity is
preserved below Tcpw, and superconductivity is observed both
below and above P..'> The unusual properties revealed by this
material over varying temperatures, pressures, and magnetic
fields are closely related to the peculiar Fermi surfaces (FSs) of
the materials, which consist of a pair of quasi-one-dimensional
(Q1D) sheets that are open along the k, direction and a closed
quasi-two-dimensional (Q2D) cylindrical FS at the corners of
the in-plane first Brillouin zone at room temperature (see the
inset of Fig. 1).!*!* The CDW is thought to originate from
the nesting structure of the sheetlike FSs. The wave vector of
the CDW, Q, is incommensurate with the crystal lattice and
is tilted with respect to the conducting plane.'’

Numerous angle-dependent magnetoresistance oscillations
(AMRO) studies of «-(BEDT-TTF),KHg(SCN)4 have been
conducted, both at ambient pressures™®7%15-17 and under
hydrostatic pressures.9 At 1barand at T < Tcpw, the AMRO
measurements are typical of QID FSs oriented 20°-30°
away from the arrangement suggested by band calculations.'?
On the other hand, AMRO measurements collected from a
metallic state (T > Tcpw, P > P.) correspond to the Q1D
FSs obtained from the band calculations.”'® The Q2D FS
AMRO signals coexist at strong magnetic fields above the
kink transition'® or above the CDW transition temperature at
1 bar.”

The AMRO signals at intermediate pressures and tempera-
tures have been largely unexplored.'® Similarly, the interplay
between the CDW and superconductivity below P. has
not yet been characterized. The azimuthal dependence of
the magnetoresistance during the rotation of the magnetic
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field in the plane parallel to the conducting layer warrants
examination.

In certain samples in which multiple FSs produce complex
AMRO patterns, stereoscopic studies that cover the full 47
solid angle offer powerful tools for resolving the different types
of AMRO signals.’*?! Using these techniques, we recently
showed that the AMRO signals of a metallic phase coexisted
with the AMRO signals of the CDW phase at low temperatures,
and changed continuously at high temperatures immediately
below Tcpw.!” These effects were attributed to magnetic
breakdown through the gaps formed on the cylindrical FS
by the CDW potential. The experimental results could be
reproduced in a quantum mechanical model without assuming
a specific FS configuration.!”

In this paper, we report fully stereographic AMRO mea-
surements of the interlayer magnetoresistance in «-(BEDT-
TTF),KHg(SCN)4 over a wide range of pressures and tempera-
tures across the CDW phase transition. In the metallic state, the
Q1D and Q2D AMRO signals were found to coexist, consistent
with the calculated band structures. The gnomonic projections
of the stereographic AMRO data revealed previously unknown
properties of the CDW state. The superposed complex AMRO
signals at low pressures could be resolved into two clear sets
of Q1D AMRO states. The weaker signal was nearly a mirror
image of the principal Q1D AMRO signal with respect to the
conducting layer plane, as observed previously in the sister
compound a-(BEDT-TTF),RbHg(SCN)4.??> At intermediate
pressures (0 < P < P.) and well below Tcpw, the AMRO
signals could be described as a mixture of the CDW phase
and the original Q2D FS. The rotation of the magnetic field
inside the conduction plane produced several dips in the
magnetoresistance that could be explained by the formation of
multiple Q1D orbits due to scattering by the incommensurate
CDW potential.

II. EXPERIMENTS

Single crystals of ¢-(BEDT-TTF), KHg(SCN), were grown
using conventional electrochemical methods. Typical crystals
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were relatively thick and were approximately rectangular in
shape, with dimensions of 0.6 x 0.5 x 0.2 mm?. Electrical
contacts between samples and 20-um annealed gold wires
were made using carbon paste. The interlayer resistance
was measured along the crystallographic b* axis using the
standard four-probe technique. An ac current of the order
of 10 nA was applied across the sample, and the voltages
were measured using lock-in amplifiers. The pressure was
varied by placing the sample in a miniature BeCu pressure
cell at room temperature and pressing the cell using a
hydraulic press. Between measurements, the pressure cell was
warmed to room temperature to permit the pressure to change
hydrostatically. Daphne 7373 oil was used as the pressure
transmitting medium.”? The precise value of the pressure
at low temperatures was determined from the shift in the
superconductivity transition temperature of a pure tin (Sn)
element embedded adjacent to the sample under zero magnetic
field conditions.”* AMRO measurements were obtained at five
different pressures: 1 bar, and 1.3, 1.9, 2.5, and 5.6 kbar. A
double-axis rotator probe was used to rotate the pressure cell in
a 14-T solenoid-type superconductor magnet. Throughout the
experiments, the angles were set with respect to the pressure
cell. Slight misorientations of the samples with respect to
the pressure cell were numerically corrected by transforming
the axes.

Measurements of the angle-dependent oscillations in the
magnetoresistance provide a standard means for investigat-
ing the Fermi surfaces in layered conductors. Semiclassical
calculations®?® based on the Boltzmann transport equation
and quantum mechanical calculations based on interlayer
electron tunneling!” have successfully reproduced, at least
qualitatively, most experimental observations. The magnetore-
sistance of a corrugated cylindrical FS displays a series of
maxima for cases in which the magnetic field is tilted with
respect to the cylinder axis. The positions of the maxima
are periodic in tan6 when the tilt angle 6 is measured
from the cylinder axis [Kartsovnik-Kajita-Yamaji (KKY)
oscillations].?6?® On the other hand, the magnetoresistance
of a warped sheetlike FS displays a series of dips for cases
in which the field is rotated around the normal axis of the
Fermi sheet (Lebed resonances).??3! Additional modulations
in the magnetoresistance have been reported for cases in which
the magnetic field is rotated nearly coincidentally with the
normal axis of the FS sheets [Danner-Kang-Chaikin (DKC)
oscillations*? and the third-angle effects334].

The AMRO behavior permitted the samples in this study to
be classified as clean samples.®

III. RESULTS

Figure 1 summarizes the AMRO results R,.(8,¢) obtained
at four different pressures in the equirectangular projection.
The azimuthal angle ¢ was measured relative to the crystal-
lographic a axis, which corresponds to the 1D axis of the
normal metallic phase. Four different types of AMRO signal
were compared here: Shubnikov—de Haas (SdH) oscillations,
KKY resonances, and Lebed resonances in the metallic and
CDW states.

The data obtained from the normal metallic phase (P = 5.6
kbar, T = 1.5 K) clearly differed from the data obtained
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from the CDW phase (P = 1 bar, T = 1.5 K). Whereas the
dominant feature of the AMRO in the CDW state was a series
of Lebed resonances, similar to those presented in Ref. 17, the
AMRO signals in the metallic state consisted of a superposition
of the KKY oscillations (bright wavy curves) and the much
sharper Lebed resonances (dark and sharp lines). The Lebed
resonances at 1 bar and at 5.6 kbar differed in many respects:
(1) the number of resonances in the CDW phase was larger
than the corresponding number in the metallic phase; (2) the
oscillation period was smaller in the metallic state; (3) the
resonances were sharper and narrower in the metallic state;
(4) the resonance convergence points (the direction of the
relevant Q1D FS) differed by ~23°. A detailed analysis is
provided in the following.

Increasing the pressure while holding the temperature
constant at 1.5 K clearly demonstrated how the AMRO
signals evolved during the transition from the CDW state
to the metallic state. The AMRO signal at 1.3 kbar was
nearly indistinguishable from the signal obtained at 1 bar;
however, a slightly higher pressure of 1.9 kbar produced sub-
stantial differences. Increases in the pressure and temperature
produced approximately the same effects by weakening the
CDW amplitude. The AMRO signal obtained at 1.9 kbar
and at 1.5 K resembled those obtained at 1.3 kbar and
at 45 K. The dramatic changes in the AMRO signal at
higher pressures could be clearly observed by stereoscopically
plotting the angle-dependent conductivity Ino,.(6,¢) (lower
panel of Fig. 1).

The temperature dependence of the AMRO signal at
intermediate pressures clearly revealed the evolution of the
AMRO signals from the CDW state to the metallic state. For
example, the data collected at 1.3 kbar shows that the AMRO
signal at 1.5 K was nearly identical to the signal obtained
at 1 bar; however, the signals obtained above 5.5 K were
closer to the signal obtained at 5.6 kbar and 1.5 K. Both
the high-pressure Lebed resonances and the KKY resonances
gradually appeared as the temperature was increased beyond
3.5 K. Around 4.5 K, the three resonances (the CDW state
Lebed resonance, the KKY resonance, and the metallic state
Lebed resonances) were superimposed, as observed at 1.9 kbar
and at 1.5 K.

The fourth oscillations, SAH oscillations, also existed near
0 = 0° and 180° at all pressures. These oscillations could
not be distinguished in Fig. 1 because their amplitudes were
much smaller than those of the other oscillations; however,
an enlarged view of the gnomonic projection of R, (6,¢) at
P =56kbar, T =15K, and H = 14 T around the 8 =0
direction (Fig. 2) clearly revealed the superposition of the
SdH oscillations over the KKY resonances and the Lebed
resonances. The frequency of these oscillations, which was
proportional to the area of the Q2D FS, increased superlinearly
with the pressure (Hy = 685.9 4+ 10.20P + 1.148P?) and
was 14% larger at 5.6 kbar than at 1 bar.”3%% A small
additional oscillation with frequency of 894 T was observed
at 2.5 kbar. These oscillations could correspond to the 850-T
oscillations at 1 bar reported in Refs. 18 and 19. The amplitude
of these oscillations did not follow the Lifshitz-Kosevich
formula.

All AMRO oscillations present in the metallic state pene-
trated the CDW state through all parts of the P-T boundary
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FIG. 1. (Color online) Pressure and temperature dependencies of the interlayer magnetoresistance R..(0,¢) at four different pressures, in
the equirectangular projection. The brightness at a given position is proportional to the resistance value upon application of a magnetic field of
fixed strength 14 T along that direction. The darkness scale differs from panel to panel. In some panels, the full 47 solid angle was not measured,
but was completed for comparison by assuming inversion symmetry. Clockwise from the top left, the insets show schematic diagrams of the
Fermi surfaces in a-(BEDT-TTF),KHg(SCN), based on the calculations conducted by Mori et al.'* and Harrison et al.,'* the sample geometry
and the definition of angles used in the text, and a temperature-pressure phase diagram, respectively. The cartoon below each column shows a
three-dimensional plot of Ino,,(0,¢) at 1.5 K, as seen from the crystallographic a axis.

between two states. By contrast, the low-temperature and
low-pressure Lebed resonances were observed only inside the
CDW state surrounded by the P-T boundary.

IV. DISCUSSION

The interpretation of the various AMRO signals becomes
straightforward when the magnetoresistance is presented as a
density plot in the gnomonic projection about the direction

normal to conducting planes (@ = 0). This projection is
equivalent to a polar coordinate projection with tanf as the
radial distance and ¢ as the angle. Three representative AMRO
signals displayed simple geometric traces in this projection:
(1) the SdH oscillations appeared as closely but not equally
spaced concentric circles; (2) the KKY resonances appeared as
equally spaced circles or, more often, as ellipses because of the
in-plane anisotropy; and (3) the Lebed resonances appeared as
straight lines parallel to the one-dimensional axis.

195105-3



W. KANG, T. OSADA, T. KONOIKE, AND K. UCHIDA

90

. 60 1200

08+ 120 —
1 L \ # (degree)

0.6 69
0.4 404

0.2 234

136

tan ¢

0.0+
0.2
0.4

0.6

0.8- -

FIG. 2. Enlarged view of the gnomonic projection of R_,(0,¢) at
P =5.6kbar, T = 1.5K,and H = 14 T around the § = 0 direction.
Three principal oscillations corresponding to the metallic state are
present: the broad white curves indicate the KKY resonances, dark
horizontal traces indicate the Lebed resonances, and the closely
placed concentric rings indicate the SdH oscillations.
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Fig. 3 shows the AMRO of the metallic state (H = 14T, P =
5.6 kbar,and T = 1.5 K) in the equirectangular and gnomonic
projections. Three different families of oscillations were
present and were superposed. The data may be more readily
interpreted from the gnomonic than from the equirectangular
representation [Fig. 3(b)]. The direction and spacing between
the clearly resolved black horizontal lines (0.49 in tan 6 sin ¢)
agreed well with the Lebed resonances expected from the
crystal structure'? and with previously reported results.” The
current stereoscopic study clearly revealed that the resonance
lines were sharp and were resolved up to very large values of
tan 6 cos ¢ [Fig. 3(b)], although the number of distinguishable
resonance lines was the same as the number reported in Ref. 9.
A series of large obliquely elongated rings corresponded to
the KKY oscillations. The elongated nature of these rings
reflected asymmetry in the conducting plane. The major axis
of the ellipse was obliquely elongated by 110° from the 1D
axis, in qualitative agreement with the Q2D FS calculated
from the band structure.'>'* Both the KKY oscillations and
the conventional SAH oscillations (Fig. 2) were expected from
the closed Q2D FS.

Despite the presence of clear Lebed resonances, related
phenomena, such as DKC oscillations and third-angle effects,
were not observed at all. This situation resembled that
observed in the Q1D conductor (TMTSF);ReO,, in which
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FIG. 3. (Color online) Comparison of the AMRO signals R,.(0,¢) obtained from the metallic state (left column, P = 5.6 kbar) and the
CDW state (right column, P = 1 bar). The top row shows the AMRO signals in the equirectangular projection and the bottom row shows the
same signals in the gnomonic projection. In the gnomonic projections, the elliptical bright lines indicate the KKY resonances and the black

lines indicate the Lebed resonances. H = 14 Tand T = 1.5 K.
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FIG. 4. Gnomonic projections of the AMRO signal R,,(0,¢) at two intermediate pressures, (a) 1.3 kbar and (b) 2.5 kbar, show progressive

changes within the CDW phase. H =14 Tand T = 1.5 K.

commensurate anion ordering was present in samples in which
Lebed resonances were observed; however, in the present
case of P > P. for a-(BEDT-TTF),KHg(SCN)4, contribu-
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FIG. 5. The temperature dependence of the AMRO signal R_.(0,¢) at P = 1.9 kbar and H = 14 T shows the progressive changes both

within the CDW phase and across the phase boundary.
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FIG. 6. Comparison of the AMRO signals obtained between 7' > Tcpw and T < Tcpw, at a pressure of 2.51 kbar, in the equirectangular
(upper row) and gnomonic (lower row) representations. The third column lists the difference between the resistance values at the two
temperatures, obtained by numerically subtracting the 3.2-K data from the 1.5-K data.

obscure such effects. The absence of DKC oscillations could
not be readily understood only in terms of the presence of the
Q2D FS.

The data collected at ambient pressures are presented in the
equirectangular and gnomonic projections in the right-hand
column of Fig. 3. The origin of the azimuthal direction is
the same as that shown in the left-hand column. In this
case, the sample was deep in the CDW state, and the Q1D FS
of the metallic state was believed to be completely suppressed
by the CDW transition, although the temperature dependence
of the electrical resistance remained metallic. Previous stereo-
graphic measurements of the interlayer magnetoconductivity,
performed at 2 K and at 1 bar, reported anomalous Lebed
resonance oscillations with an amplitude that appeared to have
been modulated, as in the case of the DKC oscillations, over
a broad range of azimuthal angles.!” Apart from its unusually
large width, the broad diamondlike pattern initially appeared
to resemble the pattern typical of a Q1D system, such as are
observed in TMTSF compounds.’

Presenting the data in the gnomonic projection revealed
interesting features that could not be distinguished from the
equirectangular projections [Fig. 3(d)]. Both the horizontal
Lebed resonances and the KKY resonances from the Q2D
FS were absent. Instead, a new series of Lebed resonances,
with a period of tan 6 equal to two and a half times the period
obtained from the metallic state, were present along a direction
tilted 23° relative to the previous angle. Both the direction and
the period of the new set of Lebed resonances suggested that
these signals arose from a set of Q1D FSs that was distinct

from those present in the metallic state.*® Several groups have
reported similar results for the CDW state.*%16:17

Strikingly, the gnomonic projection revealed a weaker
second set of Lebed resonances at the mirrored positions
of the primary Lebed resonances about the k, axis (¢ = 0).
All fuzzy structures present in the equirectangular projection,
which were previously attributed to the DKC oscillations
and the third-angle effects,!” were in fact merged into a
new set of Lebed resonances as observed previously in the
sister compound a-(BEDT-TTF),RbHg(SCN),4.2? The period
of these resonances was similar to that of the principal Lebed
resonances (1.275 versus 1.258, respectively). Although we
can not completely rule out the possibility of sample twinning
without performing x-ray experiments on the same crystal used
for the current study, a more plausible scenario is that multiple
nesting vectors 0 = =0, + O, were present, as suggested
by Kovalev et al 3> Although one vector would be dominant in
the absence of a magnetic field, a strong magnetic field would
restrict the electron motion to a trajectory perpendicular to the
field while favoring motion in the other directions.

The AMRO signals collected at intermediated pressures, 1.3
and 2.5 kbar, are shown in the gnomonic projection in Fig. 4.
The data collected at 1.3 kbar resemble those collected at 1
bar, with the exception of two features: the secondary Lebed
resonances were almost negligible, and the KKY resonances
had begun to develop from the center. The change was even
clearer at 2.5 kbar: the primary Lebed resonance remained
dominant, and no traces of the secondary Lebed resonance
were observed. The KKY resonances, however, were well
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FIG. 7. (Color online) Pressure and temperature dependence of
the interlayer magnetoresistance R,,(90°,¢) for the case in which
the magnetic field is exactly aligned with the conducting layers. All
curves displayed a sharp minimum at ¢ = 0° and 180°, corresponding
to the 1D axis of the metallic state. The open symbols plot the data
represented by the black symbols, except that the data are shifted by
180° to facilitate a comparison.

developed at this pressure. The presence of the tilted Lebed
resonance clearly indicated that a pressure of 2.5 kbar fell
below P. at T = 1.5 K. The presence of a broad faint
horizontal pattern suggested that the metallic 1D FS had begun
to reestablish itself at this pressure. Near the CDW phase
boundary, a part of the original Q1D FS appeared to survive,
even after CDW nesting, because the CDW gap remained too
small to completely remove the Q1D FS. These observations
collectively suggest that the reconstructed Q1D FS coexisted
with the Q2D FS.3® The reconstructed Q1D FS could not be
structurally resolved, although it was effectively formed by
magnetic breakdown.

The CDW could be suppressed by increasing the hydrostatic
pressure, and an increase in the temperature was found to
provide the same result. Figure 5 shows the temperature
dependence of the AMRO signal in the gnomonic projection
at P = 1.9 kbar. This pressure was clearly below P, at 1.5 K.
Lebed resonances from the reconstructed Q1D Fermi surface
were well developed at 1.5 K and gradually disappeared as the
temperature was increased beyond 3 K. By contrast, the KKY
resonances were omnipresent over the whole temperature
range, suggesting that the original Q2D FS was relevant
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everywhere in the phase diagram. Broad and dark horizon-
tal lines suggested that the original Q1D FS was present
throughout the temperature range. At 4 K, the original Q1D
FS was fully restored, but the Lebed lines were not sharp due
to temperature broadening.

The analysis discussed thus far has revealed that the original
Q1D FS of the metallic state was gradually suppressed during
entry into the CDW state, and a new species of Q1D FS formed
as the CDW scattering potential increased.*® It should be noted
that all three FSs coexisted over a wide swath of the P-T phase
diagram. Figure 6 illustrates this observation directly. The
AMRO signals were measured at 3.2 and 1.5 K at 2.5 kbar. The
temperatures were, respectively, above (or very close to) and
below Tcpw at this pressure.3® Both the equirectangular and the
gnomonic projections agreed with the observations described
above. An interesting feature was revealed by subtracting the
data collected at 3.2 K from that collected at 1.5 K. This
process corresponded to removing the contributions of the
metallic state FSs from the low-temperature data. The results
represent the contribution of the reconstructed CDW FS alone
and are nearly indistinguishable from the data obtained at 1.5 K
and 1 bar.

The detailed stereoscopic study also determined the in-
terlayer resistance under a magnetic field rotating in the
conducting plane. Figure 7 shows R_.(6 = 90°,¢) for various
pressures and temperatures. A pronounced minimum was
observed under conditions in which the magnetic field was
oriented along the crystallographic a axis, regardless of the
sample state (CDW or metallic). No trace of the third-angle
effects was observed in the metallic or reconstructed Q1D
FS. The absence of third-angle effects may be closely related
to the absence of DKC oscillations. It should be noted that
the signal features did not change upon increasing either the
temperature or the pressure. These results suggested that the
Q2D FS in the metallic state was progressively reconstructed
by the superlattice potential upon entering into the CDW phase.

Additional dips were observed in the signals obtained
from the CDW state. These features corresponded to dark
spots along the 6 = 90° line in Fig. 3(c). Such dips have
not been observed in any other system. The presence of
additional dips may result from the additional Q1D orbits
formed by the incommensurate CDW scattering potential.
Subjecting Q2D FSs of reasonable size (16% of the FBZ in
the current system) to the periodic potential exerted by the
CDW will simultaneously induce connections of all Q2D FSs
via reciprocal lattice vectors. More than one QID orbit is
then possible. The positions of the dips roughly correspond
to the directions estimated from the known nesting vector
0. Some of these directions may not be as efficient as
others in generating Lebed resonances, although they may be
sufficiently efficient to create a resistance dip under conditions
in which the magnetic field is perpendicularly aligned.

V. CONCLUSIONS

We isolated the AMRO resonances from the metallic and
CDW states using full stereographic techniques. As a sample
enters a CDW state from the metallic state, during either a
decrease in the temperature or pressure, the stereographic
AMRO patterns gradually change from those characteristic
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of a metallic state to those characteristic of a CDW state.
The metallic state AMRO patterns did not clearly indicate the
boundary separating the CDW phase from the metallic phase.
The AMRO patterns of the metallic phase (T > Tcpw and
P > P.) coexisted with those of the CDW phase (T < Tcpw
and P < P,) over a broad range of conditions that favor the
crystallographically defined CDW phase. This observation
strongly supports the assertion that an increase in the amplitude
of a CDW periodic potential affects the electron motion in the
metallic state Q2D FS. Both Q1D and Q2D behaviors are then
possible through Bragg reflections and magnetic breakdown.
The former is dominant deep in the CDW phase, but the latter
is dominant close to the phase boundary. We showed that the
two effects could be resolved numerically. Complex Q1D-like
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AMRO signals deep inside the CDW state could be reduced
to a pair of Lebed resonances without DKC oscillations. The
scattering by the CDW potential is expected to create more
complex electron trajectories than previously anticipated.
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