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PACS 71.45.Lr – Charge-density-wave systems
PACS 72.15.Nj – Collective modes (e.g., in one-dimensional conductors)
PACS 03.65.Vf – Phases: geometric; dynamic or topological

Abstract – We investigate the bimodal fluctuation of charge density wave (CDW) current through
ring-shaped crystals (typical diameter is a few ten μm) of orthorhombic tantalum trisulfide
(o-TaS3). We find that the CDW current changes between two types of the bimodal fluctuation,
and exhibits hysteretic behavior as a function of the dc voltage. The hysteresis of the fluctua-
tion modes suggests that the CDW rings involve several metastable sliding states, which might
be a manifestation of single-valuedness of the CDW phase field with a strong periodic boundary
condition of the ring geometry.

Copyright c© EPLA, 2015

Introduction. – Single-valuedness of wave functions
is a central role in physics on multi-connected spaces [1].
When a particle propagates around a closed ring, the
wave function Ψ(θ) of the particle will interfere with itself,
since Ψ(θ) is a single-valued function of position coordi-
nate angle θ; Ψ(θ) = Ψ(θ + 2π). A significant example
is the Aharonov-Bohm effect for an electron propagating
around a magnetic flux [2–4]. Macroscopic wave functions
of condensed-matter phases, such as superfluid helium
and superconductivity, also possess single-valuedness, and
show quantized circulation of superfluid-helium persistent
current, and quantized magnetic flux in superconducting
rings, respectively.

Analogously, charge and spin density waves (CDW
and SDW), degenerated macroscopic wave functions
developed in low-dimensional electron systems [5],
are expressed as a function of position x, such as
ρCDW/SDW(x) = ρ0 cos(QCDW/SDWx + φ(x)). However,
the single-valuedness problem of CDW and SDW has
never been studied explicitly.

Recent progress on synthesizing seamless ring-shaped
single crystals of one-dimensional CDW materials with
a diameter of a few ten micrometers opened a way for
experimental investigation of CDWs in multi-connected
space [6–10]. Tsubota et al., revealed quantum behavior
of CDW phase field dynamics using an Aharonov-Bohm
quantum interference experiment with orthorhombic

tantalum trisulfide (o-TaS3) rings [11,12]. The authors
found that a magnetoresistance oscillation with φ0 =
h/2e, which might be the quantum interference of a CDW
2π phase soliton. Furthermore, they found that the CDW
sliding current fluctuates temporally between two discrete
values simultaneously with the magnetoresistance oscilla-
tion. The current switching behavior was clearly observed
when a dc voltage 1.6 times larger than the thresh-
old voltage of the CDW sliding was applied, while the
previously observed current switching in NbSe3 [13–17],
K0.30MoO3 [18], and o-TaS3 [19] whiskers had been ob-
served only in the vicinity of the threshold voltage. These
results suggested that a discrete CDW dynamics would be
enhanced by the ring geometry.

In this manuscript, we report the effect on the single-
valued function of CDWs revealed by the observation of
the voltage hysteresis of CDW current fluctuation through
ring-shaped o-TaS3 crystals. At the CDW sliding regime,
the CDW current shows bimodal fluctuation. Further-
more, the bimodal fluctuation has two kinds of switching
modes [20]. An effect of the single-valuedness of CDW
rings predicts four metastable states, which would corre-
spond to each current state.

Experimental. – The ring-shaped o-TaS3 crystals
were synthesized by the chemical vapor transport
method [11,12]. Tantalum wires and sulfur powder were
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Fig. 1: (Color online) (a) Scanning electron microscopy im-
age of a 45 μm diameter ring-shaped o-TaS3 crystal, which is
fixed on the substrate with overexposed PMMA films, and is
attached to two gold electrodes using the electron beam lithog-
raphy technique. (b) Current-voltage characteristic of the ring-
shaped o-TaS3 crystal at 80K. The threshold voltage Vth is
0.2 V. The red broken line is the regression line of the Ohmic
regime, which corresponds to the normal current of thermally
excited electrons. The numbers on the curve indicate the order
of the current fluctuation measurement. (c) Left panels: cur-
rent fluctuation as a function of time for measurement 1, 4, 7, 9,
and 10. A change of a switching mode is observed in measure-
ment 4 and 10 at the moment indicated by the vertical red
broken lines. The range of the vertical axis is 30 nA for all
panels. Right panels: normalized probability distribution p of
the measured current values. The colors of the distribution
curves correspond to those of the time ranges indicated in the
left panels.

heated for 3 hours in an evacuated quartz tube with
a temperature gradient of 500 to 600 ◦C. Several ring-
shaped crystals were found in fluff of o-TaS3 whisker crys-
tals. We picked each ring up and put it on an insulating
SiO2 substrate. Two gold electrical contacts were fab-
ricated on the ring using an electron beam lithography
technique.

The main data reported in this manuscript were ob-
tained with the ring-shaped crystal shown in fig. 1(a).
The crystal had a diameter of 45 μm, a radial thickness
of 0.05 μm, and a width of 2.9 μm. Previous studies of
the residual stress in ring-shaped crystals reported that

no crystal dislocation is introduced for stress relaxation
when the radial thickness of the ring-shaped crystals is
less than ∼ 1 μm [21–24]. Therefore, thin ring-shaped
crystals have as good a crystal quality as whisker crystals,
and no CDW phase disorder is induced along the radial di-
rection [9]. The nesting vector along the one-dimensional
axis c is QCDW = 1/4c∗ at T < 100 K [25,26].

The room temperature resistivity is estimated to be
6 × 10−6 Ωm, where the ring is treated as a parallel circuit.
The CDW transition is observed at 220 K. No hysteresis of
the low-field resistance is visible between the cooling and
heating processes. The room temperature resistivity and
the CDW transition temperature are consistent with the
previous reported values for o-TaS3 whisker crystals [27].

Results. – Figure 1(b) shows the dc voltage depen-
dence of the dc current through the ring-shaped crystal at
80 K. The nonlinear conduction caused by the CDW slid-
ing is observed above the threshold voltage (Vth = 0.2 V).
At the same temperature, we measure the current fluctu-
ation of the CDW current at several constant dc voltages
indicated by the filled circles. The numbers show the order
of the temporal fluctuation measurement. The measure-
ment starts at Vdc = 1 V, which is in the sliding regime.
Then the dc voltage is changed to 0.8, 1.2, 1.4 V · · · . The
current value is measured with a picoammeter (Keithley)
every second, and a total of 50000 measurement points are
obtained for each constant dc voltage.

The current fluctuations for several dc voltages over a
period of 1000 seconds selected from all the measurement
points are shown in the left panels of fig. 1(c). The right
panels show the normalized probability distributions of
the current values. In measurement 1 (Vdc = 1 V), we
observe that the current temporally switches between the
lower and the higher values. The bimodal fluctuation is
consistent with that reported in a previous work [12]. This
discretization is not caused by the minimum digit of the pi-
coammeter or accuracy of the measurement system. Note
that we have observed no clear magnetic-field dependence
in the switching phenomena in this ring-shaped crystal.
The reason for this remains unclear. Here we focus on the
dc voltage dependence of the temporal current switching.

In measurement 1–4, when the dc voltage is increased,
current difference between the lower and higher current
(ΔI) and one-state fluctuation are increased. There is
a tendency for the probability of the higher current to
increase when the applied dc voltage increases.

In measurement 4 (Vdc = 1.4 V), after several hun-
dred seconds from the measurement started, the switching
mode changes at the moment indicated by the red broken
line in the second panel on the left in fig. 1(c). The change
of the switching mode is clearly seen also in the probability
distributions shown in the right panel. In the black proba-
bility distribution is that for before the mode change, and
the lower current state is predominant. After the mode
change, the probability of the higher current state changes
that drawn in red. Hereafter, we call the first and second
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Fig. 2: (Color online) (a) Hysteretic behavior of probability
at the higher current state as a function of the CDW current.
The numbers on the circles correspond to the order numbers in
fig. 1(b). The vertical arrows show the change from the black
trace (switching mode A) to the red trace (switching mode B).
(b) Voltage dependence of the CDW current (blue filled circles)
and the difference between the current values of the higher and
lower current states (green filled circles). The broken curves are
guides for the eye.

switching modes as “mode A” and “mode B”, respectively,
for convenience.

We find that the mode change is hysteretic. In measure-
ments 5–7, the mode remains B even the dc voltage is re-
duced below 1.4 V. The result of measurements 7 is clearly
different from that of measurements 1. When ICDW = 0
(in measurement 9), no switching behavior was observed
(ΔI = 0). After that time, we observed the change of the
switching mode from A to B again at Vdc = 1.6 V in mea-
surement 10. The mode change is reproducible, and can
be reset by reducing the dc voltage to below the threshold
voltage. The hysteresis of the current switching mode was
observed in NbS3 rings at 100 K.

The probability at the higher current state Phigh ≡
Nhigh/(Nhigh +Nlow) is displayed in fig. 2(a) as a function
of the dc voltage, where Nhigh, and Nlow are the num-
ber of data points recognized to higher and lower current
states, respectively. In mode A, Phigh follows the black
trace. It appears that when the dc voltage exceeds 1.4 V,
the switching mode can change easily from A to B. Af-
ter the mode change, Phigh follows the red trace. When
ICDW = 0, the switching mode is reset to A, and then
Phigh again follows the black trace.

It seems that amplitude of fluctuation ΔI might have
a physical meaning since it is conserved before and after
the switching mode change. We plot ΔI as a function of
the dc voltage in fig. 2(b). ΔI is a linear function of Vdc,
while the CDW current ICDW is not inear with respect
to the dc voltage. The results implies that the current
fluctuation is caused by extra charge carrier, such as CDW
phase solitons, but not fluctuation of conventional CDW
sliding current.

Discussion. – The discrete probability distribution
suggests that the CDW current fluctuates between many
metastable states. Furthermore, there is several switching
modes. For the bimodal fluctuation at 80 K, ΔI is con-
served before and after the switching mode change. We
plot ΔI as a function of the dc voltage in fig. 2(b). ΔI is
a linear function of Vdc, while the CDW current ICDW is
not linear with respect to the dc voltage. The results im-
ply that the current fluctuation is caused by extra charge
carriers, such as CDW phase solitons, but not fluctuation
of conventional CDW sliding current.

The metastable states were considered to be caused
by the CDW phase field modulation. As regards
NbSe3 [13–17], K0.30MoO3 [18], and o-TaS3 [19] whiskers,
impurities or electrical contacts act as strong pinning
centers. Depending on the impurity positions, several
metastable states of the CDW phase field will emerge.
The current (or voltage) induced switching between two
metastable states could be considered the origin of the
electrical current switching. Such quantized behavior was
also observed in Ohmic regime for small one-dimensional
CDW materials of o-TaS3, NbSe3 and K0.30MoO3 [28–30].
The number of one CDW wavelength between the elec-
trical contacts was quantized. We note that the X-ray
observation of QCDW distribution in the sliding regime
showed that observed phase slipping region modulated by
applied electric field is over mm [31]. Thus our CDW rings
are too small to exhibit the phase slipping phenomenon.

In the case of the ring-shaped crystals, the ring geom-
etry would dominate the phase field modulation because
the boundary condition restricts CDWs. A single-valued
function of the CDW is imposed to ensure that ρCDW(x) =
ρCDW(x +2πR), where R is radius of the ring. The phase
factor of the CDW is required the following condition:

∮
C

∂x (QCDWx + φ(x)) · dx = 2πnCDW, (1)

where x is coordinate on the ring of the one-dimensional
chain C. nCDW is an integer number. Equation (1)
is a strong boundary condition for φ(x). In the real
CDW rings, the extra phase φ(x) must be finite, except
QCDWR = an integer number. Therefore, the ring-shaped
crystals at a CDW state become electrically charged, since
∂φ/∂x is proportional to extra electron desnity. An extra
charge in a CDW ring is analogous with a magnetic flux
penetrating a superconducting ring.

There are two possible ways for finite φ(x). The first
one is homogeneous phase modulation, and the second
one is generation of CDW phase solitons, as shown in
fig. 3. A homogeneous phase modulation changes the CDW
wavelength. On the other hand, the CDW rings can make
a fractional/irrational phase soliton. The electrical charge
and phase difference of a soliton must be less than 2e
and 2π. Such solitons should be localized across the whole
cross-section and become a soliton wall, due to the inter-
chain coupling energy. The fractional/irrational soliton
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Fig. 3: (Color online) Schematics of one-dimensional CDWs of
QCDWR = 17.5 at lower and higher current states, respectively.
Black dots indicate crystal lattice. The upper panel shows cur-
rent switching between the CDW ring of QCDWR = 18 and that
of QCDWR = 17.5 with a positive half (π) phase soliton. The
lower panel shows current switching between the CDW ring of
QCDWR = 17 and that of QCDWR = 17.5 with a negative half
(−π) phase soliton.

is different from the 2π solitons [32–34] or the amplitude
solitons [35] that can exist individually.

The fractional/irrational phase soliton can explain the
experimental results that ΔI/ICDW ∼ 10−3. The soliton
wall of the fractional/irrational phase solitons carries a
large number of electrical charges. If the soliton mobility
would greatly exceed the CDW sliding, the conductivity
increases. Thus the soliton state could be the higher cur-
rent state of the current switching. On the other hand,
the homogeneous modulation of CDW wavelength is just
a small change for the sliding current, since a modula-
tion of QCDW would be roughly of the order of 10−5 for
a ring-shaped crystal with a 45 μm diameter. The small
change of QCDW does not lead a large change of the sliding
current. Moreover, if the extra charge might be induced
uncondensed electrons/holes, the effect of them in the
Ohmic conduction is just the order of 10−4−10−5 [28–30].
Therefore, both of the effects in the homogeneous modu-
lation could not make an effective change in the CDW
current. Thus the homogeneous modulation is regarded
as the lower current state. The CDW fluctuate the ho-
mogeneous modulation state and the fractional/irrational
soliton state with an assistance of electrical current at the
sliding regime, while nCDW is conserved.

The mode change could be regarded as switching be-
tween the negatively charged states (nCDW > QCDWR)
and positively charged states (nCDW < QCDWR), as
shown in the upper and lower panels in fig. 3. The negative
fractional/irrational soliton carries electrical charge that
moves to the opposite direction of the sliding CDW. The
lowest four energy metastable states can realize. The fluc-
tuation between the homogeneous modulation state and

the soliton states are current switching. The hysteretic
change between the negatively charged states and the posi-
tively charged states could correspond to the mode change
between A and B. The free energies of the four metastable
states will differ depending on the value of QCDWR for
each ring-shaped crystal. Then the probability distribu-
tion of modes A and B will be different.

Summary. – We demonstrated the dc voltage hys-
teresis of the CDW current switching probability in
o-TaS3 ring-shaped crystals. We discussed that the hys-
teresis is caused by the effect of single-valuedness for the
CDW rings. The previous experiments of the Aharonov-
Bohm magnetoresistance oscillation suggest the single-
valuedness of the quantum wave function of phase solitons,
but the coupling mechanism between the current switch-
ing is unclear yet [12]. To solve this problem, a CDW
might be treated as a quantum wave function within the
framework of the Ginzburg-Landau theory [36].
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