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ABSTRACT

Low-frequency electronic noise in charge-density-wave van der Waals materials has been an important characteristic, providing information
about the material quality, phase transitions, and collective current transport. However, the noise sources and mechanisms have not been
completely understood, particularly for the materials with a non-fully gapped Fermi surface where the electrical current includes components
from individual electrons and the sliding charge-density wave. We investigated noise in nanowires of quasi-one-dimensional NbSes, focusing
on a temperature range near the Pearls transition Tp; ~ 145 K. The data analysis allowed us to separate the noise produced by the individual
conduction electrons and the quantum condensate of the charge density waves before and after the onset of sliding. The noise as a function
of temperature and electric bias reveals several intriguing peaks. We explained the observed features by the depinning threshold field, the
creep and sliding of the charge density waves, and the possible existence of the hidden phases. It was found that the charge density wave con-
densate is particularly noisy at the moment of depinning. The noise of the collective current reduces with the increasing bias voltage in con-
trast to the noise of the individual electrons. Our results shed light on the behavior of the charge density wave quantum condensate and
demonstrate the potential of noise spectroscopy for investigating the properties of low-dimensional quantum materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0194340

I. INTRODUCTION

Low-dimensional layered materials, which include quasi-one-
dimensional (1D) and quasi-two-dimensional (2D) van der Waals
materials, are attracting growing attention owing to their intriguing
physics and unique functionalities for future practical applications.' ”
Particularly interesting are quasi-1D and quasi-2D materials that
reveal charge-density-wave (CDW) phases at various temperatures; in
some cases, above-room temperature (RT)." '” The additional impetus
to study such low-dimensional CDW material systems comes from the
realization that in certain strongly anisotropic van der Waals materials,

coupling, Kohn anomaly in phonon spectra, or other physical mecha-
nisms.”” *° It has also been suggested that CDW phases can be
material-specific and differ from one to another, even for the materials
of the same family. A collective transport mode of the quantum con-
densate, in principle, can allow CDW to slide relative to the lattice and
carry charge without friction via zero-resistance Frohlich cur-
rent.”'*~?” However, in real crystals, the CDW quantum condensate
is always pinned to impurities, defects, and dislocations, and a zero-
resistance current has never been experimentally observed. To initiate
the CDW depinning and sliding, a finite electric field, E7, has to be
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the CDW phenomena coexist with the topological phases.'”** The
CDW ground state is a condensate of electrons that differ in momen-
tum by 2kp, or, in the equivalent interpretation, it is a condensate of
2ky phonons (kg is the Fermi wave vector). The physical mechanisms
of the CDW phenomena in the strongly correlated 1D and 2D material
systems could be different from the original model of the Peierls insta-
bility and explained by the Fermi surface nesting, electron-phonon

applied.l 1,30,31

Electrical current fluctuations, or noise, have always been an
essential component of CDW research. Noise contains information
about the material quality, defects, impurities, phase transitions, charge
carrier recombination, and charge transport. Using terminology, con-
ventional in the CDW field, one distinguishes the narrow-band noise
(NBN) and broad-band noise (BBN).”> *° It is understood that NBN is
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a signature of the CDW sliding. It is the AC component appearing in
the output signal from the CDW material under DC bias owing to the
oscillating collective current of CDW.”">*"*" The term BBN, specifi-
cally in the context of CDW materials, implies the low-frequency
noise (LFN) or excess noise observed in all metals and semiconduc-
tors.* 74 Despite decades of investigations, the noise sources and
their mechanisms in CDW materials have not been completely under-
stood, particularly for the materials with a non-fully gapped Fermi sur-
face where the electrical current includes components from individual
electrons and the current of the sliding CDWs. The revival of the
CDW research field and technological improvements call for the in-
depth examination of the noise characteristics of CDW materials to
gain a deeper understanding of their origins and mechanisms. This is
important for monitoring the evolution of the CDW quantum conden-
sate phases and for the practical realization of proposed applications of
CDW materials in future low-power and radiation-hard electron-
ics."”**** Noise spectroscopy has also proven to be a valuable
approach for fundamental studies of quantum materials, and its appli-
cation to CDW materials may bring much physics insights.”***’

For this investigation, we selected niobium triselenide (NbSe;)—a
quintessential CDW material with a quasi-1D crystal structure. NbSe;
is a member of the transition metal trichalcogenides (TMT) family,
described by the formula MX; (where M is a transition metal, and X is
S, Se, or Te). The quasi-1D crystalline TMTs have strong covalent
bonds in one direction while bonded in the perpendicular plane par-
tially by weak van der Waals forces and partially by weaker covalent
bonds than those along the atomic chains. The quasi-1D character of
the crystal lattice leads to quasi-1D features in the electronic and pho-
nonic properties." NbSes has been studied extensively in the form of
bulk crystals or large-diameter whiskers.”'"***” This material under-
goes two CDW transitions, one at Tp; ~ 145K and one at Tp, ~ 59K,
which are attributed to the developing energy gaps in different sections
of the Fermi surface. The specific of NbSes is that certain parts of its
Fermi surface always remain un-gapped, so the current comprised of
individual electrons, i.e., normal carrier conduction, is always present
in addition to the collective conduction current owing to the CDW
sliding. At the applied electric field, E, which is below the threshold
field, Ep, the electric current consists of individual electrons only, but
the formation of CDW below the first Peierls CDW transition temper-
ature, Tp;, affects the conduction. At the electric field E > Erand T
< Tpy, the total current, Iy, is a sum of the collective CDW current,
Icpws and the individual electrons current, I, i.e., It = Icpw + Is. This
mixture of the current due to individual electrons and sliding of the
CDW quantum condensate makes the noise characteristics of NbSe;
particularly intriguing.

Prior studies of electronic noise in NbSes, which used bulk crystal
samples rather than nanowires, addressed both BBN and NBN. " **
It was found that BBN noise had the spectral density, S ~ 1/f7, with
the power factor y deviating strongly from unity, in the range 0.4 <y
< 0.8 Another study of noise over a broad temperature range
reported that at temperatures above Tpy, the noise followed the 1/f”
trend with y ~ 0.8, while at low temperatures, it revealed y ~ 1.8." In
conventional metals and semiconductors, LEN typically has a power
factor y equal to or close to unity.;3 In semiconductors, the deviation
from the 1/f dependence was conventionally attributed to the appear-
ance of the Lorentzian bulges of the generation-recombination (G-R)
noise superimposed on the 1/f background.” While there was an
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agreement in published reports on the strong deviation of power factor
y from unity in NbSes;, the interpretations of it differ substantially.
There was also a lack of understanding of the difference between the
noise produced before and after the CDW de-pining.

For this study, we used exfoliated nanowires of NbSe; as the
channels in the device test structures. The amplitude coherence length
in CDW materials is relatively small, on the order of ~10 nm, while

7,55,56

the phase coherence length is large and can be up to ~10 um.""”
The phase coherence length in the cross-plane direction is ~1 ym.”””
Using nanowires with cross-sectional dimensions on the order of the
amplitude coherence length and the nanowires’ length on the order of
the phase coherence length may allow one to elucidate better the
effects due to the CDW formation and sliding. We expect that the elec-
tron and phonon dispersion in NbSe; nanowires of the selected diame-
ters will be similar to that in bulk crystals. There is a possible
difference in CDW sliding due to the variation in the surface pinning.’
Another motivation to investigate CDWs in systems with small cross-
sectional dimensions is the ongoing effort to modulate CDW sliding in
quasi-1D nanowires with electrical gates.”* The gating is expected to be
more efficient in nanowires with smaller cross sections. Hence, the
knowledge of the noise response of CDW nanowires gains particular
importance.

In the present work, we ask the questions: How noisy are the
CDW quantum condensate phases when they are de-pinning vs when
their sliding is well established in the incommensurate CDW
(IC-CDW) phase? Does the collective current of the sliding quantum
condensate produce more or less noise than the current of individual
electrons? We observed intriguing features in the noise spectral density
as a function of temperature and applied electric field. Our data analy-
sis allowed us to separate the noise produced by the individual conduc-
tion electrons and the sliding of the CDW quantum condensate and
offer a hypothesis for the peaks in the noise spectra as functions of
temperature and electric field. We believe that the unusual features
found in the noise spectra can stimulate theoretical developments in
the field of quantum materials and their applications.

Il. TEST STRUCTURES AND CURRENT-VOLTAGE
CHARACTERISTICS

We prepared nanowires of NbSe; by mechanically exfoliating
small pieces of high-quality bulk NbSe; samples (2D Semiconductor)
on top of clean Si/SiO, substrates (University Wafer, p-type Si/SiO,,
(100)). The quality of the bulk samples was assessed using Raman
spectroscopy (Renishaw inVia). The room-temperature Raman mea-
surements were conducted using A =488 nm laser excitation with a
laser power of less than ~1 mW, over a ~1 um laser spot size, to avoid
damage to the sample [see Fig. 1(a)]. The observed Raman peaks are
in good agreement with the literature, confirming the crystal structure
and purity of the material.”” For device fabrication, several multi-
contact test structures, also referred to as devices, were fabricated using
the standard fabrication techniques.”” We started by cleaning the small
pieces of Si/SiO, substrates several times using acetone and isopropyl
alcohol (TPA) and rinsing them with de-ionized (DI) water. A conven-
tional mechanical exfoliation (Nitto tape) was employed to exfoliate
the bulk materials into nanowire structures on top of the clean sub-
strates. Figure 1(b) shows the scanning electron microscopy (SEM)
image of the exfoliated nanowires with rectangular cross sections.
Additional microscopy images are provided in supplementary material
Figs. S1 and S2.
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For metal contact fabrication across the nanowire lengths, the
substrates containing nanowires were first spin-coated using PMMA
(Kayaku Advanced Materials, 495 PMMA A6)."*">*" Next, the
electron-beam (e-beam) lithography (EBL) technique was used to
write patterns on the coated PMMA layer for contact electrodes and
pads. After the e-beam exposure, the substrates were submerged into a
developer solution (Microposit 351) and IPA for 20s each. The devel-
opment technique ensured the removal of the PMMA layer exposed
by e-beams. The development process was followed by a plasma-based
cleaning process for 30s to remove any chemical residue in the
exposed patterns. The metal edge contacts were created by depositing
a combination of Ti/Au (20/150 nm) metals using an e-beam evapora-
tion (EBE) system. In the next step, the substrates were submerged
into an acetone solution for the liftoff process. Finally, NbSe; nanowire
devices with varying channel lengths between 2 and 30 um were fabri-
cated for electrical testing. The schematic image of a NbSe; multi-
contact nanowire test structure is shown in Fig. 1(c). An optical
microscopy image of a representative device is provided in Fig. 1(d).

The current-voltage (I-V) characteristics were measured in a
conventional two-terminal configuration inside a cryogenic probe sta-
tion (Lakeshore TTPX) in the temperature range from 77 to 300 K.
The measurements were conducted using a semiconductor parameter
analyzer (Agilent B1500A). Figure 2(a) shows the I-V characteristics
of the NbSe; nanowire device at room temperature (RT). The -V
behavior at RT is Ohmic, as evidenced by the linear current response
as a function of voltage. The linear I-V confirms the metallic nature of
the material at RT. It also indicates the high quality of contacts
between the channel and the metal electrodes, which is essential for
reliable noise studies. The I-V characteristics change as the tempera-
ture goes below the Tp; ~ 145K, which is the first CDW phase transi-
tion temperature of NbSe;.”" ** One can see in Fig. 2(b) that the I-V

ARTICLE pubs.aip.org/aip/are

FIG. 1. (a) Raman spectrum of a bulk
NbSe; sample measured at room temper-
ature using 1=488nm laser excitation.
(b) SEM image of exfoliated NbSe; nano-
wire. Pseudo-colors are used for clarity.
The exfoliated nanowires typically have
rectangular cross sections, as confirmed
by SEM. (c) Schematic diagram of the
NbSe; nanowire test structure on Si/SiO,
substrate. (d) Optical microscopy image of
a representative multi-channel NbSes
nanowire test structure.

characteristics have linear behavior at the lower bias region but become
superlinear after the bias voltage exceeds the threshold for the CDW
quantum condensate depinning. The observed nonlinear trend agrees
with prior studies of bulk NbSe; crystals and is attributed to CDW
depinning and sliding,”*" °° At T = 120 K, the quasi-1D NbSe; mate-
rial is in the IC-CDW phase, and after depinning the total measured
current, I, consists of normal single charge carrier contribution, I,
and the collective current of the sliding CDW condensate, Icpy, S0
that I+= Icpw + Is. Extrapolating the linear part of the I-V character-
istics, one can plot the contributions of both current components sepa-
rately [see Fig. 2(b)].

The resistance of the NbSe; channel, measured at low bias volt-
age, has a specific and well-understood dependence on temperature, as
shown in Fig. 2(c) (see also supplementary material Fig. S3 for data
obtained for another device). Above Tp; ~ 145K, the material shows a
typical metallic behavior, i.e., the resistance increases with increasing
temperature due to increasing electron-phonon scattering. At temper-
ature Tp; ~ 145K, the material undergoes its first CDW phase transi-
tion with the formation IC-CDW phase of the quantum condensate,
which is accompanied by a partial bandgap opening along certain crys-
tallographic directions.”” At this point, a fraction of individual elec-
trons condenses into a pinned CDW collective state, thus removing
the charge carriers from the conduction band. As a result, the resistiv-
ity increases as the temperature decreases below ~145K. The further
decrease in temperature below 120 K brings a decrease in the resistivity
due to an increase in the mobility of the remaining charge carriers.
This is expected for metallic conductors where the phonon scattering
limits the mobility of charge carriers. In Fig. 2(d), the first-order deriv-
ative of resistance with temperature, dR/dT, is plotted as a function of
device temperature. The dR/dT vs T plot reveals the transition temper-
ature Tp; ~ 145K defined by the point where dR/dT=0. The I-V
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measurements for a set of NbSe; nanowires confirm that we have test
structures that reveal typical CDW characteristics of NbSes, in agree-

. . 52,64
ment with prior reports.

1. TEMPERATURE DEPENDENCE OF NOISE IN NbSe;
NANOWIRES

The LEN measurements were carried out using a home-built
noise measurement system. The measurement system comprises a
12V DC battery connected in series with the device under test (DUT)
and a load resistor. A potentiometer (POT) controls the voltage drop
across the DUT and the load resistor. During the noise measurements,
the output voltage fluctuations are transferred to a preamplifier (SR-
560), which sends the amplified signal to a signal analyzer (Photon+).
The signal analyzer converts the time domain voltage fluctuations to
its equivalent noise power spectral density, Sy, through the Fourier
transform. The obtained voltage spectral density is then converted to
the equivalent short-circuit current spectral density, S;. Our prior pub-
lications can reference our noise measurement system details.” "% "
Figure 3(a) presents the current-referred noise spectral density, S, as a
function of frequency, f, of NbSe; nanowire device for different current
levels, measured at RT. The noise behavior at RT shows I/f depen-
dence at all currents, confirming that the electronic noise in the mate-
rial is of 1/f flicker type without the Lorentzian component in the
measured frequency range. The I/f noise behavior is expected for met-
als and most semiconductors.”””” Figure 3(b) shows the current
dependence of the noise spectral density, S, at a frequency f=10Hz
for the given device at T=300K. One can see in Fig. 3(b) that the S; vs
I dependence reveals a quadratic dependence, ie., S; ~ I, which is
characteristic of linear resistors.

100 150 200 250 300 100 150
Temperature (K)

200 250 300

The systematic temperature-dependent noise measurements were
conducted with several NbSe; nanowire devices at different current
levels. Figures 3(c) and 3(d) show the normalized current noise spec-
tral density, Si/I, vs frequency in a representative device at different
temperatures and the fixed current I;,=20 pA. At this low current,
corresponding to the low bias voltage, the device I-V characteristics
are in the linear region before the CDW depinning, as discussed previ-
ously. In Fig. 3(c), the noise data are presented for the temperature
from 110 to 138 K. The figure shows that the noise behavior is gener-
ally of I/f type at lower temperatures but changes the shape in the
intermediate temperature region, from T=126 to T=130K.
The steeper spectra shapes are an indication of the Lorentzian type of
the spectra with the characteristic corner frequency located outside the
lowest measurable frequency. In Fig. 3(d), the noise data are presented
for the temperature from 140 to 300 K. The noise reveals a similar
trend as in Fig. 3(c), with the Lorentzian tails at the intermediate tem-
peratures and 1/f type dependence overall. The data presented in Figs.
3(c) and 3(d) suggest that the noise experiences multiple peaks as a
function of temperature near the Tp; temperature, associated with the
appearance of the Lorentzian bulges. Supplementary material Fig. S4
shows similar noise behavior at other current levels.

To analyze the noise behavior near the CDW transition, we plot-
ted the resistance and the normalized noise spectral density, SI/IZ, asa
function of temperature for the fixed values of current and frequency.
In Figs. 4(a)-4(d), the S/Pvs T dependence was plotted at four current
levels and compared with the corresponding resistance T dependence.
Figure 4(a) shows the Sy/I vs T dependence at I;; = 20 piA. The overall
low noise level lies in the range from 107'% to 10~ "*Hz " except for
the two intermediate regions where the noise shows sharp, well-
distinguished peaks, with the noise values increasing by several orders
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of magnitude. The temperatures at which the peaks were observed
revealed Lorentzian features in the noise spectral responses, as shown
in Figs. 3(c) and 3(d) and the supplementary material Fig. S4. We
observed consistent noise behavior at the other current levels of
I;s=130, 50, and 100 pA, as shown in Figs. 4(b) and 4(d). Interestingly,
a third noise peak at lower temperatures was also observed at I;;= 30
and 50 pA. The lower temperature peak disappeared when measured
at the higher current of I;;=100 uA, as shown in Fig. 4(d), and at
I;s=200 uA (see also supplementary material Fig. S5). The overall
noise level remained low at higher temperatures as the device tempera-
ture approached RT.

When comparing the noise characteristics with the correspond-
ing resistance data, one can conclude that the noise peak in the higher
temperature region, i.e., at T ~ 145K, corresponds to the onset of the
resistive anomaly due to CDW phase transition where the material
behavior changes due to a partial bandgap opening and removal of a
part of the conduction electrons to the pinned quantum conden-
sate.”"**“* The noise increase is associated with the appearance of the
Lorentzian features (see Fig. 3). The noise evolution from 1/f to the
Lorentzian spectrum as a result of the CDW phase transition has been
previously reported by us for quasi-1D and 2D materials.””**** The
appearance of the Lorentzian at the phase transition points can be gen-
erally interpreted as due to the system, fluctuating between two phases
at the transition point, before settling to one specific phase. The latter
results in the Lorentzian, characteristic for the two-level systems where
the material resistance switches between the higher and lower resistive
states.

The interpretation of two other peaks at lower temperatures is
more complicated. Let us consider the noise peak at T ~ 130 K. The
noise in the linear I-V regime is due to the individual particle

Frequency (Hz)

conduction. One can assume that the initial increase in the noise with
decreasing temperature is due to the reduction in the number of the
conduction electrons since part of the electrons condensed into the
pinned CDW. The 1/f noise of individual electrons scales inversely
with the number of carriers, i.e., SI/IZ ~ 1/(N x f), where N is the total
number of charge carriers in the conduction channel. However, it is
difficult to explain the fast decrease in the noise at lower temperatures
and the overall narrow shape of this second peak. One should
also keep in mind that the increase in the noise in both peaks in Figs.
4(a)-4(d) is associated with the emergence of the Lorentzian features
in the spectra. When comparing this second noise peak with the corre-
sponding resistance behavior, one can see that the temperature at
which the second peak attains its highest value roughly corresponds to
the temperature where the resistance change is maximum as a function
of temperature, ie., dR/dT attains its maximum value (see also supple-
mentary material Fig. $6). The emergence of this second peak could be
associated with the fast change in the resistance value of the device in
the nonmetallic phase below the phase transition. Thus, if the first
peak signifies the material transition to the IC-CDW phase, the second
peak appears around the temperature where the resistance changes are
the strongest.

Another intriguing feature in the noise characteristics is the emer-
gence of a third peak at lower temperatures, as observed in Figs. 4(b)
and 4(c) at the current levels I;;=30 and 50 yA, respectively. These
current levels correspond to the bias voltages, which are close to the
threshold field, Vy, [see Fig. 2(b)]. At this I-V region, just before
the CDW depinning, the carrier dynamics can already be affected by
the CDW condensate motion, referred to as the CDW creep.73 The
term creep in the CDW context means an incoherent slow motion,
with stops, of the CDWs or segments of CDWs, which precede the
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which explains the appearance of Lorentzians. This explanation is con-

sistent with the third peak disappearing at the higher current of
I;s=100 uA, away from the threshold, where the CDW is already slid-
ing, and the noise is reduced. The presence of several peaks is an indi-
cation that the phase transition has a fine structure with the existence
of several, at least one, intermediate phases, which can be seen only

410710

10—11

107°

1010

10"

10712

/12 (Hz")

S/ (Hz")

pubs.aip.org/aip/are

FIG. 4. (a) Resistance (left axis) and the
noise spectral density, S/ (right axis)
measured as the functions of temperature
in the range that includes the CDW phase
transition. The data are shown at a fixed
frequency f=10Hz and the channel cur-
rent lss=20 pA. The noise vs tempera-
ture data show well-defined peaks at and
below the CDW transition temperature.
The panels (b)—(d) are the same as panel
(a) but show data for the different current
levels Iys =30, 50, and 100 pA, respec-
tively. Note the evolution of the noise
spectral density and the corresponding
changes in resistance.

using noise spectroscopy analysis. These intermediate phases can be
similar to the hidden phases observed in other CDW materials.

74-76

IV. ELECTRICAL FIELD DEPENDENCE OF NOISE
IN NbSe; NANOWIRES

We now turn to the electric-field dependence of noise in the
NbSe; nanowire devices. Figures 5(a)-5(c) show the I-V characteristics
and the normalized noise spectral density, S;/I’, at a fixed frequency
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f=10Hz, in the IC-CDW phase at T=100, 120, and 130K, respec-
tively. The normalized noise spectra density as a function of the bias
voltage in Fig. 4(a) shows two peaks, the smaller one in the linear I-V/
regions below the threshold field, Vyy, and the large peak at Viy
where I-Vs become superlinear, and the CDW starts sliding. The
smaller peak can be associated with the CDW creep, the slow, incoher-
ent motion of CDW condensate before the onset of sliding”” or inter-
mediate hidden phases.”” While it is not possible at the moment to
distinguish between these two possible explanations of the smaller
peak noise peak, we note that the CDW creep has been invoked to
explain the characteristics of bulk NbSe; crystals in several prior
reports.””””’® The CDW creep occurs below the threshold field,
Erpr= Vr/L, in the linear I-V region when the applied field is suffi-
cient to overcome some of the weaker pinning forces, leading to a par-
tial CDW motion below E7y. The creep can be described by its own
critical electric field, E’}H.n A similar behavior is observed in Figs. 5(b)
and 5(c) at T=120 and 130 K. The separation between the two peaks
is less apparent at 7= 130 K because the measurement temperature is
close to Tp;, and the incommensurate CDW phase has just formed
[see Fig. 2(c)]. The larger noise peak at a slightly higher bias voltage
corresponds to the depinning of the CDW and the onset of its sliding.
Thus, the explanation of the two peaks observed in the S/ vs V
dependence in Fig. 5 is consistent with the explanation of the peaks in
the S;/I° vs T dependence in Fig. 4. Additional noise data at other tem-
peratures is presented in supplementary material Fig. S7.

Figure 5(d) shows the threshold voltage, Vg, in the IC-CDW
phase as a function of temperature. The value of Vi decreases with
increasing temperature and reaches a minimum at T ~ 126 K, after
which Vyy increases with temperature. The non-monotonic behavior of
the threshold field with temperature has been previously observed for
NbSe; (Refs. 47 and 79) and other quasi-ID CDW materials."’

ARTICLE pubs.aip.org/aip/are

Interestingly, the amplitude of the noise peak at the onset of depinning
also shows a non-monotonic behavior, with its value initially increasing
as the material temperature increases and dropping again at higher tem-
peratures (see also supplementary material Figs. S8 and S9). The behav-
ior can be observed in Figs. 5(a)-5(c), where the noise peak at T= 130K
is lower than the values at T= 100K and 120 K. One should note that
multiple peaks in the temperature dependence and non-monotonic
dependence of the threshold voltage on temperature can be interpreted
as the support for the intermediate hidden phases in the temperature
range where the resistance decreases with the temperature increase. The
CDW creep by itself is considered to be a metastable phase.

To further correlate the noise spectral features with the CDW car-
rier depinning and sliding, we analyzed the noise spectral density at
different bias voltages. Figure 6(a) shows the I-Vs and S/P (f=10Hz)
as a function of bias voltage at T =105K (see also supplementary
material Figs. S10 and S11 for other temperatures). As discussed previ-
ously, the S;/I° dependence on the bias voltage reveals two prominent
noise peaks, one at the onset of the CDW depinning at V;yy and
another at the lower bias, in the linear region. The corresponding nor-
malized noise spectral density vs frequency plots are shown in Figs.
6(b)-6(d). In Fig. 6(b), the noise spectral density vs frequency is shown
in the linear I-V region, between 12 and 18 mV bias voltages, where
the first low-bias peak appears, possibly due to CDW creep. The noise
spectra contain pronounced Lorentzian bulges on the I/f envelope.
Contrary to the Lorentzian components corresponding to the first
peak, the characteristic frequency of the second peak Lorentzian is
much lower, below the measurement limit. The Lorentzian component
in the noise spectra increases the noise level and peaks across the volt-
age range. The noise spectra for the noise data points, corresponding
to the second peak at the threshold field, are shown in Fig. 6(c). The
noise spectra at the two bias voltages between 19 and 23 mV show

222122 ¥20T 1890100 60
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similar Lorentzian bulges on the 1/fbackground. With further increase
in the bias voltage, the Lorentzian bulge disappears, as seen in the spec-
tra measured under bias voltages 79.2 and 96.6 mV, which are far from
the CDW depinning point. The disappearance of the Lorentzian com-
ponents at higher bias confirms that the appearance of bulges is related
to the CDW carrier dynamics of NbSe; material and not external fac-
tors. Finally, in Fig. 6(d), we plotted fx S,/I° vs f for different biases in
the linear region to eliminate the 1/f background and present the
Lorentzian more clearly. One can see how the peaks move to higher
frequencies with increasing bias voltage (see also supplementary mate-
rial Fig. §12). A similar trend was observed for a quasi-2D CDW mate-
rial 1T-Ta$S, "’

V. THE NOISE OF THE COLLECTIVE CURRENT
OF THE SLIDING CONDENSATE

We now address the question of how noise in the collective cur-
rent of the sliding quantum condensate compares to the noise of
the current of the individual electrons. In Figs. 7(a)-7(d), we show the
noise contribution from the CDW condensate to separate it from the
overall noise. The data are presented for two representative devices.
Figure 7(a) shows the I-V characteristics of the first device measured
at 105 K. The total current, I, includes the current of individual, i.e.,
single, electrons, I, and the collective current of the sliding CDW con-
densate, Icpw- The total noise spectral density is the sum of spectral
densities of the noise of the individual electron current and the collec-
tive CDW current. In Fig. 7(b), we plotted the noise of each current
type as a function of total current, I. At lower current levels, the spec-
tral density of the total noise, Sy, follows a conventional quadratic rela-
tionship with current. As the current increases, the total noise
experiences an abrupt jump and reveals two peaks, as explained
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previously. After the second peak, the overall noise starts to drop. The
normal carrier noise calculated from the noise behavior at the lower
current levels follows a near quadratic behavior with the total current.
The S;s vs I shows a slight deviation from the quadratic behavior due
to the emergence of CDW current. Most interestingly, the CDW noise,
Sicpws decreases with the increasing current after depinning, revealing
a drastic drop at higher current levels. Intriguingly, the noise of the col-
lective current goes even below the linear resistor noise. Therefore, the
noise of the collective current of the sliding CDW condensate differs
substantially from the noise of resistors and active electronic devices,
e.g., diodes and transistors.”””" "> A similar behavior of the noise of
CDW current was observed in a different device measured intention-
ally at a slightly different temperature T'= 100K [see Figs. 7(c) and
7(d)]. One can conclude that the CDWs in the IC-CDW phase are
noisy near the depinning bias voltage. As the sliding of the CDW
becomes established, the noise decreases. It is important to note that at
high currents, the noise of the normal electron current and total noise
levels coincide. This indicates that the noise of the CDW collective cur-
rent tends to disappear. The latter consideration creates an additional
motivation for further investigation of the collective current in CDW
materials for future applications in low-power, low-noise electronics.

VI. CONCLUSIONS

We investigated noise in nanowires of quasi-1D NbSes, focusing
on a temperature range near the Pearls transition Tp; ~ 145K. The
data analysis allowed us to separate the noise produced by the individ-
ual conduction electrons and the sliding CDW quantum condensate.
We found that the noise of the collective current reduces with the
increasing bias voltage in contrast to the increasing noise of the current
of the individual electrons. The obtained results shed light on the
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behavior of pinned and sliding charge density wave quantum conden-
sate and demonstrate the potential of noise spectroscopy for investigat-
ing the properties of low-dimensional quantum materials. The
reduction in the noise of CDWs with increasing current can be impor-
tant for proposed applications of CDW quantum materials in future
low-power and radiation-hard electronics.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information that
supports our findings, including microscopy images of the exfoliated
NbSe; nanowires and device structures (Figs. S1 and S2); I-V charac-
teristics of a second device (Fig. S3); additional temperature-dependent
noise characteristics for the device shown in the main text (Figs. S4-
S$6); additional voltage-dependent noise characteristics of the device in
the main text and for a second device (Figs. S7-S12).
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