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Topological effects of charge density waves in ring-shaped crystals of NbSe;
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We studied the differences of the charge density wave (CDW) dynamics in closed-ring and open-ring
topologies by measuring the frequency-dependent resistance in the radio-frequency range. We performed a
two-probe ac resistance measurement for a ring-shaped crystal of niobium triselenide (NbSe;) in the
300 kHz to 1.3 GHz frequency range. We compared the frequency dependence of the resistance of closed-ring
and open-ring crystals and found that the pinning potential in the former is smaller than that in the latter. The
open-ring crystal was obtained by changing of the topology of the closed-ring crystal. We believe that the
reduction in the pinning effect is caused by a CDW circulating current in the closed-ring topology.
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I. INTRODUCTION

Nontrivial real-space topology plays an important role in
physical systems.!?> Topology deals with invariant properties
in continuous transformation. For example, a ring is a fun-
damental topological structure, because the hole in the ring
cannot be eliminated by continuous transformation. The
physical systems with a ring topology should exhibit topo-
logical effects, such as the Aharonov-Bohm (AB) effect,® due
to the nontrivial real-space topology. It is possible to change
physical properties by changing the real-space topology.

A charge density wave (CDW) is the best system with
which to investigate the effects of real-space topology, be-
cause of the interaction between a CDW and a real space, in
this case a crystal, through electron-phonon coupling. The
CDW-ordered state is a macroscopic quantum state resulting
from real-space ordering.* A CDW has rich electrical prop-
erties such as the nonlinear current-voltage (I-V)
characteristic,’  narrow-band noise,’ and frequency-
dependent resistance.”® The CDW was proposed as a model
of superconductivity by Frohlich in 1954, because an incom-
mensurate CDW can flow without dissipation in an ideal
crystal.’ In reality, a CDW supercurrent has never been ob-
served because the crystal edges or impurities act as pinning
centers. If the edges of a CDW system could be connected, it
would become an edgeless CDW ring. The supercurrent
would then exist in the ring as a result of the change in
topology. Moreover, the CDW ring has been expected to ex-
hibit topological effects associated with Berry’s phase.!%-!3
The pioneering experimental study of the AB effect in the
CDW system was undertaken by Latyshev et al.'* They mea-
sured a quasi-one-dimensional conductor with many colum-
nar defects since no one could make a CDW ring. We need a
CDW ring to enable us to study the topological effects in
CDW’s.

The Hokkaido group succeeded in synthesizing exotic to-
pological crystals of NbSes, which form rings, Mobius strips
(7 twisted rings), and figure-eight loops (27 twisted rings)
with diameters of 10-200 um.!!>16 NbSej, is a typical CDW
material that shows two metal-incommensurate CDW transi-
tions at T¢;=144 K and T¢,=59 K,'7 and CDW transitions
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have also been observed in topological crystals.!>!® They
have provided new experimental systems for investigating
the effects of topology on the CDW properties. Since the
CDW phase-phase correlation length &-pw is comparable to
the circumference of the CDW ring, the topological crystals
are one-dimensional closed rings. The nontrivial topologies
of their forms have been expected to change the CDW prop-
erties. Some topological effects have already been observed
in the electrical properties including an anomaly in the non-
linear I-V characteristic in a NbSes ring'® and a reduction in
the transition temperatures in rings and figure-eight loops.!”

Here we report a difference between the CDW dynamics
of two topologies: namely, a closed-ring topology and an
open-ring topology. We measured the frequency-dependent
resistance of a ring crystal of NbSe; to investigate the CDW
dynamics. First, we measured a ring crystal with the closed-
ring topology. Then, we measured a crystal with the open-
ring topology, which we obtained by performing topology-
change surgery on the ring crystal. The closed-ring topology
of a ring crystal can be surgically changed to an open-ring
topology by using a focused ion beam (FIB), as shown in
Fig. 1.%° An open ring is topologically different from a closed
ring because it has two edges. Using this method, we can
study two CDW’s, which are identical except for their topol-
ogy, and avoid the sample dependence.”! The frequency-
dependent resistance measurement was performed in the
300 kHz to 1.3 GHz range below the first CDW transition
temperature 7¢;. We found that the pinning potential of the
CDW in the closed-ring topology was smaller than that in the
open-ring topology. The reduction of the pinning effect in the
closed-ring topology suggests that the circulating current
mode plays an important role. This effect was revealed by
the topology-change surgery.

II. EXPERIMENT

The ring crystals of NbSe; are synthesized by a chemical
vapor transportation method. Nb and Se powders with a 1:3
molar ratio are enclosed in an evacuated quartz tube and
soaked at 740 °C for a few hours using a furnace with an
appropriate temperature gradient. The crystals acquire their
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FIG. 1. (a) Scanning ion beam microscopy (SIM) image of a
typical ring crystal with a radius of 18.2 um and a thickness of
0.47 pm. It is a closed ring. (b) SIM image of the ring crystal after
focused ion beam (FIB) surgery. The FIB surgery provided two
edges in the ring crystal. The forms in (a) and (b) are referred to in
the text as a closed-ring topology and an open-ring topology, re-
spectively. This is a useful method for investigating topology de-
pendence alone, without sample dependence.

topological forms by a previously reported mechanism.!

We performed a two-probe ac resistance measurement for
a ring-shaped crystal of NbSes in the closed-ring and open-
ring topologies. The ac resistance measurement is a useful
way to investigate the CDW dynamics in topological crystals
because it does not require a current injection via contacts.
Current injection causes a phase slip near the contacts,?? and
this acts as a pinning center.”> The current injection may
change the topological property of the CDW ring. On the
other hand, frequency-dependent resistance measurement
does not require the current injection. The CDW dynamics is
expressed by the damped oscillation.”? The single-coordinate
model is

d*¢ _do nire

hadiat it 2 : —_
e +th + wj sin ¢ = o E(1), (1)

where ¢ is the CDW phase, I is the damping constant, and
wg is the pinning potential. The right-hand side indicates an
external force. The CDW current is expressed as
edg

Icpw=——"—"". 2

cow=-—"— @
The CDW contributes electrical conduction as a displace-
ment current in the ac electric field. When the applied volt-
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FIG. 2. Electrical circuit for the frequency-dependent resistance
measurement. The ring at the center of the circuit indicates a ring
crystal, which is attached to two contacts.

age is small and the frequency f is much smaller than wy/2,
conductivity is expressed by the Drude law

iw/(l)c

3)

ocow(@) = 0-001 +ioloc
Here we neglect the inertial term d’¢/dt> and assume
sin ¢=~¢ and we use the characteristic frequency wc
= w%/ I'. The CDW dynamical parameters can be investigated
by measuring the frequency-dependent resistance. While the
measurement voltage remains smaller than the threshold
voltage of a CDW sliding state, we can avoid the effect of
current injection. Therefore, the frequency-dependent resis-
tance measurement is advantageous in terms of investigating
the CDW in the topological crystals.

The frequency-dependent resistance was measured as fol-
lows. A NbSe; ring crystal, with a diameter of 40 um and a
width and thickness both less than 1 um, was fixed on a
sapphire insulator plate. We attached two contacts to the
sample to enable to supply an ac voltage. The plate was
placed on a Cu block in the vacuum chamber of a cryostat.
The crystal was cooled to 77 K by liquid nitrogen, and we
measured the temperature dependence of the resistance while
heating the crystal from 77 K to room temperature. We used
the conventional transmission method for the frequency-
dependent resistance measurement with a Hewlett-Packard
HP8712ET network analyzer in a frequency range of f
=300 kHz to 1.3 GHz. The measurement circuit is shown in
Fig. 2. The voltage amplitude was kept below the threshold
voltage of the sample. The sample impedance Z is measured
by using the following equation:

1/V - 1/V,

=Zy———, 4
%1/Vy-1/V, “)

where w=2mf, Z, is a standard impedance, and V
=V, (Z(w,T))=|V|e'? is the complex voltage at b in Fig. 2,
which is a function of the sample impedance Z(w,T)
=R(w,T)+iX(w,T). Other parameters V,=V,(0) and V,
=V,(Z,) are used to calibrate the frequency dependence of
the finite loss and phase delay in the cables. Since the cali-
bration parameters depended on the temperature sweep, we
calibrated both frequency and temperature. After measuring
the frequency-dependent resistance of the closed-ring topol-
ogy, we performed FIB surgery on the ring crystal to change
to be the open-ring topology. We then again measured the
frequency-dependent resistance of the pinning state and com-
pared the results we obtained for the two topologies.
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FIG. 3. Temperature dependence of resistance in a closed-ring
topology and in an open-ring topology. The line thickness indicates
the frequencies, and the dashed lines are linear fitting lines, R(T)
=aT+R,, fitted to the metallic region in the 160—200-K range. The
inset shows the temperature dependence of the normalized resis-
tance, ﬁ(w,T):[R(w,T)—RO]/a— T. The first CDW transition tem-
perature T¢; is ~145 K in both topologies. The resistance peak
below T; is maximum at the same temperature.

III. RESULTS AND DISCUSSIONS

We observed a CDW transition with a resistance increase
at ~145 K in both topologies. Figure 3 shows the tempera-
ture dependence of the resistance R(w,T) [real part of im-
pedance Z(w,T)] in the closed-ring and open-ring topologies
in the 77-K—to-room-temperature range, at frequencies of
300 kHz, 300 MHz, and 600 MHz. The sample is metallic
above 150 K because the resistance in each topology is pro-
portional to temperature. Below the CDW transition tem-
perature, the resistance increases because the electron density
decreases as a result of the metal-CDW transition. The resis-
tance shows a peak at 120 K and decreases proportionally
below 100 K, because uncondensed electrons remain even
below T in NbSes. The second transition was not observed
in this measurement because 7, was below 77 K.

In the CDW state R decreases with increases in frequency.
This behavior is explained by the CDW collective displace-
ment around the pinning center with a finite damping time
and corresponds to the results of a previous experiment for
NbSe; whiskers.”® There is almost no frequency dependence
in the low-frequency region below 1 MHz. Therefore, we
assumed the temperature dependence at 300 kHz to be the
same as that at a dc voltage. The dashed lines seen in Fig. 3
are fitting lines for Ry (T)=aT+R, at 300 kHz, where T is
the temperature. We fit lines in the 160—200-K range for
both sets of data. This is just above the transition tempera-
ture. The temperature coefficient « is 0.0208 in the closed-
ring topology and 0.0407 in the open-ring topology. «
doubled as a result of the topology change. This corresponds
to one of the two current paths being eliminated by the FIB
surgery. On the other hand, the intercept R, is 2.93 () in the
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FIG. 4. The frequency dependence of the normalized resistance,
E(w,T):[R(w,T)—RO]/a—T, at T=100, 110, and 120 K below the
first CDW transition temperature 7;=145 K. The black dots are
experimental data for the closed-ring topology, and the gray dots are
data for the open-ring topology. The solid and dashed lines indicate
the fitting curves given in the text for the closed-ring and open-ring
topologies, respectively. The fitting parameter 3 is set at 0.8 in both
topologies and for all temperatures. The characteristic frequency
wc/27is 0.85 GHz in the closed-ring topology and 1.2 GHz in the
open-ring topology at all temperatures.

closed-ring topology and 2.98 () in the open-ring topology.
R, does not depend on the topology change and so must
represent the contact resistances. These results are consistent
with the elimination of one path by topology-change surgery.
Therefore, we considered that the surgery was successful. We
then normalized the resistance using « and R, to compare the
frequency dependences. We disregard the temperature depen-
dence of R, because it is sufficiently smaller than that of the
sample. Thus, we can define the normalized resistance

ﬁ(w,T):[R(w,T)—RO]/a—T. The inset shows R as a func-
tion of temperature 7. The temperature dependence of R at
300 kHz corresponds in both topologies. However, it does

not correspond at high frequencies.
We found that the frequency dependence of the normal-

ized resistance R is different for the two topologies. Figure 4

shows the frequency dependence of R at 100, 110, and
120 K. The black dots are experimental data for the closed-
ring topology, and the gray dots are data for the open-ring

topology. Each R value decreases with an increase of fre-
quency above 100 MHz. We found that the frequency depen-
dence was changed by changing the topology. The resistance
of the closed-ring topology starts to decrease at a lower fre-
quency than that of the open-ring topology. We fitted the
results using the following empirical curve, which was used
for NbSe; by Wu et al.:**
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(iwlwc)?
O-ml + (iw/wc)?’

ocpw(w) = (5)
This expression is Eq. (2) modified by the empirical param-
eter 3, which represents the random distribution of weak
pinning centers by the impurities.>* We assumed that the total
conduction is the sum of that of the CDW and quasiparticles.
Hence,

O-total(w) = Ometal t U-CDW(w) (6)

and
R(w) = Re[ 0y (w)]. (7

The solid and dashed curves in Fig. 4 indicate the fitted
curves for the closed-ring and open-ring topologies, respec-
tively. We set R(w=0)=62, 64, and 60 at T=100, 110, and
120 K, respectively. When the system follows the single-
coordinate model, B=1. In reality, the random distribution of
weak pinning centers modulates the CDW phase locally. In
our sample, 8=0.8 in both topologies and at 100, 110, and
120 K. The distributions of the pinning centers in both paths
are the same. These parameters have the same values in both
topologies, except for the characteristic frequency wc/2r.
We found that the characteristic frequency was changed by
the surgery. wo/27=0.85 GHz in the closed-ring topology
and 1.2 GHz in the open-ring topology at all three tempera-
tures. oo became about 1.4 times larger as a result of the
topology change. wc=w3/T", where I is the damping con-
stant of the CDW, and wj; is the pinning potential. Since I" is
proportional to o7,', which was unchanged by the surgery,
this result suggests that the pinning potential in the closed-
ring topology is greatly suppressed.

Why does the topology of the crystal affect the pinning?
The result cannot be explained by the simplest parallel cir-
cuit model. When we assume that a closed-ring topology
corresponds to a parallel circuit of two CDW materials, the
pinning potential is unchanged by the surgery, because the
normalized resistance does not depend on the number of
paths. It is possible that the strain energy of the crystal was
changed by the change of topology.”> However, the strain
energy of the remaining path was not changed by the surgery
because the sample was fixed at two points on a sapphire
plate by silver paste. We therefore considered the effect of
the edges or the interaction between the two current paths.
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Next, we discuss the elastic energy of the CDW phase,
which must differ depending on the topology. In the open-
ring topology, the edges act as strong pinning centers. In an
electric field, the CDW is compressed near one edge and
expanded near the other edge. The elastic energy increases
the pinning potential energy. On the other hand, there are two
CDW current paths in the closed-ring topology. Therefore,
the CDW is compressed and expanded near the contacts un-
der the ac electric field in an ac closed-ring topology. The
increases in the pinning potential in the closed-ring topology
must be larger than those for the open-ring topology because
of the existence of the two current paths. This is inconsistent
with the experimental result and suggests that we need an-
other explanation.

A possible explanation is that a circulating current in the
ring affects the pinning. The Frohlich supercurrent can flow
in an impurity-free ring crystal without dissipation because
of the absence of edges.” We believe that the CDW circulat-
ing current mode is excited by the ac electric field in the
closed-ring topology. The phase-phase correlation length is
greater than the average impurity length. Impurities act as
weak pinning centers that modulate phase locally. Therefore,
it is reasonable to consider that the CDW correlation length
exceeds the circumference of the ring crystal. Nevertheless,
the circulating current mode certainly does not exist in the
open-ring topology. We believe that the circulating current
mode is the key to the decrease in the pinning potential in the
closed-ring topology.

IV. CONCLUSION

We found that the pinning potential of a CDW in a closed-
ring topology was smaller than that in an open-ring topology
by measuring ac resistance of a NbSes ring crystal. The dif-
ference is caused by the circulating current mode in the
closed-ring topology.
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