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The present-day nanodevice dimensions continuously shrink, with the aim to prolong Moore’s law.
As downsizing meticulously persists, undesirable dynamic defects, which cause low-frequency noise
and structural instability, play detrimental roles on limiting the ultimate performance and reliability of
miniaturized devices. A good understanding and a meaningful control of the defect kinetics then become
fundamental and urgent issues. Here we report observations of thermally activated atomic defect motion as
well as nanocrystalline defect motion through electrical noise processes in metallic RuO2 rutile nanowires
around room temperature. First, we extract the energy-distribution function and the number density of
mobile atomic defects (oxygen vacancies). Second, we obtain the geometrical size, grain-boundary bond-
ing strength, and relaxation times of dynamic nanocrystallites. Our results show clearly a powerful probe
for effective and noninvasive characterizations of nanostructures and nanomaterials for which quantitative
information about mechanical hardness, breakdown current density, and/or resistance noise is essential.
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I. INTRODUCTION

Metallic nanowires (NWs) are prime candidates for
integrating with nanomechanical resonators to implement
applications as, among others, ultrasensitive force sensors
[1], electron-spin flip detectors [2], and single-molecule
detectors [3]. They also serve as indispensable advanced
microelectronics interconnections [4–6]. For every appli-
cation, the undesirable dynamical structural defects (or,
dynamic defects for short) contained in the NWs play
detrimental roles on limiting the device performance. For
example, dynamic defects cause energy dissipation and
hamper the quality factor of a nanomechanical resonator,
thus reducing its resolution power [7]. Defect motion also
leads to resonance-frequency instability [8]. In electri-
cal conductors, small and large mobile defects generate
resistance fluctuations, causing low-frequency (1/f ) noise
or random telegraph noise (RTN), where f denotes fre-
quency [9]. Both 1/f noise and RTN are deemed to
deteriorate the reliability and quality of a nanoelectronic
device [10].

In real materials, dynamic defects can be single atoms or
clusters of atoms, which act as moving scattering centers.
They are validly modeled as two-level systems (TLSs)
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[11,12]. A TLS is a double-well potential having a barrier
height Ei (i = 1, 2), see Fig. 1(a). The mobile object spon-
taneously and repeatedly switches between the two wells,
with characteristic fluctuating times τi. In this work, we
call a mobile atomic defect an “atomic TLS,” and a mobile
cluster of atoms a “granular TLS.” In a given device, there
usually exist a huge amount of dynamic atomic defects.
These atomic TLSs have a wide range of Ei and τi values,
which are described by an energy-distribution function
g(E), where g(E) is defined as the number of atomic
TLSs per unit energy E per unit volume. On the other
hand, while mobile clusters of atoms may also exist in
a given device, they are usually much more difficult to
detect, partly because τi may be relatively long and the
switching events are comparatively rare (within the exper-
imental bandwidth). Thus far, quantitative reports on the
g(E) function for atomic TLSs and the defect kinetics of
granular TLSs in metallic NWs have been barely available.
Previously, atomic TLSs were observed in, e.g., Bi [13], Al
[14], and Cu [15,16] films, AuPd NWs [17], as well as Cu
nanoconstrictions [18]. Granular TLSs were found in Pb-
In NWs [19]. Semiquantitative studies of g(E) function,
which was subject to an undefined prefactor, were reported
for Cu films [16] and AuPd NWs [17].

The rutile metal ruthenium dioxide (RuO2) has attracted
lasting attention due to its low electrical resistivity [20],
thermal and chemical stability under ambient conditions
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FIG. 1. Two-level system model and low-frequency noise measurements. (a) Schematic of double-well potential in the TLS model.
The fluctuating object can be a single atom or a cluster of atoms (nanocrystallite in this study). Ei (i = 1, 2) is the barrier height, 1/τi is
the relaxation rate, and the asymmetry �E = |E1 − E2|. (b) Schematic diagram depicting the electrical circuit for temporal resistivity
fluctuation measurements. Rb is a ballast resistor. Shown in the scanning electron microscopy image is NW A. (c) Voltage-noise
power-spectrum density SV(300 K) as a function of frequency for NW A at three bias voltages (V). The dash-dotted line indicates f −1

frequency dependence, and is a guide to the eye. (d) 〈SV × f 〉 as a function of V2 for NW A at three T values, where 〈. . .〉 denotes
average (see text).

[4], and high electrocatalytic activities, which are useful
for oxygen-evolution-reaction (OER) applications. In OER
applications, such as water splitting [21], oxygen vacancies
(VO’s) were found to enhance the electrocatalytic pro-
cesses [22]. Stoichiometric and nonstoichiometric RuO2
NWs thus have promising potential for a variety of nan-
otechnological and industrial applications. Recently, we
have measured the g(E) functions in a series of ther-
mally annealed RuO2 thin films, which contained various
amounts of VO’s [23]. Moreover, we have unambigu-
ously detected the spontaneous and repeated motion of
nanometer-sized crystallites (hereinafter, called nanocrys-
tallites) in several RuO2 NWs at room temperature [24].
In the latter case, the bonding strength between grain-
boundary (GB) atoms was inferred through an assumption
that the nanocrystallite kinetics must be governed by a
thermal activation process. In this work we carry out

further studies along these directions with an aim to gain
a deeper understanding of the microscopic characteristics
of dynamic atomic and nanocrystalline defects in RuO2
NWs. We focus on several NWs with diameters ranging
from 30 to 75 nm. Due to the large surface-to-volume
ratios and the relatively small (approximately 10 nm) grain
sizes in such small-diameter NWs, we expect to find pro-
nounced electrical noise caused by defect motion. For
reference, grain sizes are usually much larger (approxi-
mately 50–200 nm) in polycrystalline metal films [14,16].
Thus, GBs play comparatively significant roles on gen-
erating noise in NWs than in thin films. We first report
quantitatively extracted g(E) functions for RuO2 NWs.
Second, we demonstrate in a direct manner the thermally
activated motion of nanocrystallites around room tempera-
ture. The kinetics of these dynamic nanocrystalline defects
is then quantitatively analyzed.
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II. EXPERIMENTAL METHOD

A. Nanowire growth and device fabrications

Our RuO2 NWs are grown via metal-organic chemical
vapor deposition (MOCVD) on sapphire substrates, with
the source reagent bis(ethylcyclopentadienyl)ruthenium
[25,26]. High-purity oxygen with a flow rate of 100 sccm
is used as both carrier gas and reactive gas. The sub-
strate temperature and pressure of the CVD chamber are
controlled at 450 °C and 10–50 torr, respectively, during
NW growth. After the growth, individual NWs are trans-
ferred to a Si substrate capped with a 300-nm-thick SiO2
layer. Metallic Cr/Au (10/100 nm) submicron electrodes
are thermally deposited using the standard electron-beam-
lithography technique to form contacts with single NWs.
The contact resistance between the NW and electrode is
typically approximately 100 to 500 � at room temperature.

B. Electrical noise measurements

The electrical-noise-measurement circuit is schemati-
cally depicted in Fig. 1(b), which is similar to that uti-
lized in our previous work [24]. The value of the ballast
resistor is Rb = 1 M�, being much larger than the NW
resistance (approximately 500 � to approximately 10 k�).
The measurement principle is based on the modulation
and demodulation technique similar to that described in
Refs. [15,27], where the 1/f noise contribution from the
preamplifier (Stanford Research Systems model SR560)
was largely minimized and the measurement sensitivity
reached the lowest noise level of the preamplifier. Accord-
ing to the noise contours of SR560, an ac driving current
with a carrier frequency fc ≈ 3 kHz is applied. The sam-
ple resistance at time t is written by r(t) = 〈r〉 + δr(t),
where 〈r〉 was the time-averaged resistance, and δr(t) is
the temporal resistance fluctuations. Under an ac current
with the frequency fc, δr(t) is transferred to the tempo-
ral voltage fluctuations δVs(t) with frequencies centering
at fc. After δVs(t) is amplified by SR560, the signal is
phase-sensitively detected by a lock-in amplifier (Stanford
Research Systems model SR830), and the frequencies of

TABLE I. Relevant parameters for RuO2 NWs. L is the NW length between the voltage probes in a four-probe configuration, d is
the NW diameter, ρroomT is the NW resistivity at room temperature. TLH denotes the temperature range for the noise measurement. 1/f
and RTN stand for the noise form revealed by the measured power-spectrum density for each NW. NWs A to D are as grown. The
four-probe NW E device is irradiated by a FIB (TESCAN GAIA3 FIB-SEM) to produce additional lattice defects. The FIB imaging is
performed at 2000× magnification, by employing Ga+ ions with an accelerating voltage of 30 keV and an emission current of 10 pA
for approximately 5 s. The NW diameter is measured after the FIB irradiation.

Nanowires L (µm) d (nm) ρroomT (µ� cm) TLH (K) Noise PSD

NW A 0.69 40 380 80–370 1/f
NW B 0.72 30 570 80–370 1/f
NW C 1.7 35 280 80–370 1/f
NW D 0.75 75 430 300 RTN
NW E 1.33 40 1400 270–305 RTN

the noise signal are shifted (demodulated) from approxi-
mately fc back to f to recover the original frequencies of
δr(t) [15,27]. After the demodulation, the signal is mea-
sured by the dynamic signal analyzer (Stanford Research
Systems model SR785). The SR785 read the voltage signal
with a sampling rate of 1024 Hz and stored the readings in
the buffers. A computer fetched the data from the buffers
and calculated the voltage noise power spectrum density
(PSD) SV(f , T). The measurements of the noise at various
temperature T values are performed on a standard liquid-
helium cryostat. The device temperature is monitored with
a calibrated silicon diode thermometer. Table I lists the rel-
evant parameters for the RuO2 NWs A to E studied in this
work. NWs A to D are as grown, while NW E is focused
ion beam (FIB) irradiated.

III. RESULTS AND DISCUSSION

A. Energy-distribution function for mobile atomic
defects

We measure the 1/f noise between 80 and 370 K
to determine the g(E) function and the associated num-
ber density of atomic TLSs (nTLS) in several polycrys-
talline RuO2 NWs. Figure 1(b) shows a scanning electron
microscopy image for NW A and the electrical circuit for
measuring the temporal resistivity fluctuations ρ(t). The
T dependence of the time-averaged resistivity ρ̄ for our
NWs reveals typical metallic behavior, i.e., ρ̄ decreases
with decreasing T [28,29]. The inset of Fig. 2(a) shows
the ρ̄(T) data for NWs A to C. For an Ohmic conductor
under a constant bias current, the ρ(t) fluctuations result in
a voltage noise PSD SV(f , T), which is generally expressed
by the empirical form [9]: SV(f , T) = γ (V2/Ncf β) + S0

V,
where γ = γ (T) is the (dimensionless) Hooge parame-
ter, which characterizes the noise magnitude, Nc is the
total number of charge carriers in the sample, V is the
bias voltage across the sample, β ≈ 1 is the frequency
exponent (see below for further discussion), and S0

V is the
background noise stemmed from the thermal noise and
the input noise of the preamplifier. Figure 1(c) shows the
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(a) (b)

FIG. 2. Low-frequency noise magnitude and energy-distribution function. (a) 1/f noise magnitude γ (Hooge parameter) as a func-
tion of temperature for NWs A, B, and C. Inset: time-averaged resistivity ρ̄ as a function of temperature for NWs A to C, as indicated.
(b) Variation of activation energy-distribution function g(E) with energy for NWs A to C. The g(E) values are calculated from the
corresponding γ values shown in (a).

variation of SV(f , T = 300 K) with frequency for NW A at
three bias voltages. For the lowest (and nominally negli-
gible) bias V = 0.006 mV, the 1/f β , or 1/f noise PSD is
small, indicating that the measured SV(f ) (at f > 0.1 Hz)
is dominated by the frequency independent S0

V. As bias V
increases to tenths of meV, the 1/f noise increases and
dominates the measured SV(f ) at low frequencies. Figure
1(d) shows the V2 dependence of 〈SV × f 〉 for NW A at
three T values. Here 〈SV × f 〉 = γ V2/Nc + 〈f 〉 S0

V is the
average of the product of each discrete (fi, SVi) reading in
the data set, and 〈f 〉 denotes the average of fi in the fre-
quency range 0.03 ≤ fi ≤ 3 Hz. At each bias V, ten SV(f )

curves are measured and averaged to calculate 〈SV × f 〉.
The γ values at various temperatures can thus be accu-
rately determined from the slopes (= γ /Nc) of the straight
dashed lines in Fig. 1(d), without the necessity for subtract-
ing the background contribution S0

V [23]. This method has
the advantage of minimizing any uncertainty that might
be introduced to SV × f if one only calculates the prod-
uct from a single frequency value, as was usually done
in the literature [5,14,16,17,30,31]. Also, because RuO2 is
a normal metal [32], we can safely use a T-independent
charge-carrier number density ne ≈ 1 × 1028 m−3 [33] to
calculate the Nc and thus γ (T) values for all NWs. We
mention that for interconnect applications, quantitative
information about γ (T) above room temperature is desir-
able, because the maximum operating T may reach as
high as approximately 100°C, for example, in a computer
CPU.

Figure 2(a) shows the variation of the measured
γ (T) data with T for NWs A to C. The γ value
remains roughly constant in the temperature range
80–270 K. Between approximately 270 and 370 K,
γ increases suddenly with increasing T. According to
the Dutta-Dimon-Horn (DDH) model [31], which con-
siders an ensemble of thermally activated processes,
the frequency exponent β in the 1/f β noise is con-
nected to the T dependence of SV(f , T) through the
relation β(T) = 1 − [1/ln(2π f τ0)]{[∂ ln SV(T)/∂ ln T] −
1} = 1 − [1/ln(2π f τ0)]{[∂ ln γ (T)/∂ ln T] − 1}, where τ0
is a characteristic attempt time. Typically, τ0 ∼ 10−14 s in
solids [9]. Thus, the DDH model predicts β < 1 (β > 1)

for T < 270 K (T > 270 K) in those RuO2 NWs whose
γ (T) data are shown in Fig. 2(a). From the SV(f , T) ∝ f −β

curves measured at various temperatures and at bias volt-
ages approximately equal to 0.7–2 mV (where the 1/f β

noise dominates over S0
V), we obtain average values of

β � 0.91 (1.20), 0.89 (1.23), and 0.89 (1.12) for NWs A,
B, and C, respectively, at T lower (higher) than approx-
imately 270 K. These values are in good accord with
the prediction of the DDH model, strongly indicating that
the observed 1/f β noise originates from an ensemble of
thermally activated atomic TLSs.

With the γ value obtained, the energy-distribution func-
tion for the atomic TLSs can be determined. Theoretically,
g(Ẽ) at the particular energy E = Ẽ is calculated from the
γ value measured at the corresponding T value, which sat-
isfies the relation Ẽ(T) = −kBT ln(2π f τ0) [9]. In terms of
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the electronic parameters and the measured ρ(T) and γ (T)

values of the given device, g(Ẽ) can be written by [23,34]

g(Ẽ) � 4πneγ (T)

2.6kBT

[
ρ(T)e2

mvF 〈σc〉
]2

, (1)

where kB is the Boltzmann constant, e is the electronic
charge, m is the effective electron mass, vF (kF) is the
Fermi velocity (wave number), and 〈σc〉 ≈ 4π/kF

2 is the
average scattering cross section for a moving atomic
defect. Thus, through measuring γ (T) and ρ(T) over a
range of T, a finite energy range of the g(Ẽ) function
can be extracted. In RuO2 [32], the electronic parame-
ters are m ≈ 1.4 m0 (m0 being the free electron mass),
vF ≈ 8 × 105 m/s, and kF ≈ 1 × 1010 m−1.

Figure 2(b) shows the extracted g(E) functions for NWs
A to C, where E is calculated with f = 1 Hz. We find that
g(E) decreases slightly as E increases from approximately
0.2 to approximately 0.6 eV. Then, it rapidly increases
at E > 0.6 (0.8) eV in NW B (NWs A and C). With our
highest measurement T = 370 K (which is limited by the
cryostat setup), we are able to extract the g(E) function up
to E ≈ 1 eV. The slight increase in g(E) below approxi-
mately 0.6 eV is due to a combination of the absence of
T dependence of γ at T < 270 K [Fig. 2(a)], a decreas-
ing measurement T, and a weak T dependence of ρ(T)

in Eq. (1). A noise magnitude γ independence of tem-
perature in a similar T range is observed in single-wall
carbon nanotubes [35]. Note that the fast increase in g(E)

at E > 0.6 eV is an intrinsic feature of the dynamic defects.
It is not due to any extra, unintentional electromigration-
induced noise [5], because we focus our measurements
on the SV ∝ V2 regime where the current-driven resistance
fluctuations does not occur [9]. Although the γ (T) of NW
B is close to those of NWs A and C, its g(E) function
is higher, especially at E > 0.6 eV. This arises from the
fact that NW B has a higher ρ(T) than those in the other
two NWs, see the inset of Fig. 2(a). We stress that Eq. (1)
gives a quantitative expression for g(E) without involving
any unknown parameters, while the proportional relation
g(E) ∝ 2π f [SV(f , T)/kBT] is often used in the literature
[5,16,17,30,31,35]. The latter is subject to a proportional-
ity constant, thus it cannot distinguish the g(E) values in
samples having a similar γ (T) but differing ρ(T). Previous
measurements on Ag films reported that the g(E) function
attained its peak at Ep ≈ 0.9 eV [31]. Recent microelec-
tronics studies reported Ep ≈ 0.77 eV for Cu interconnects
[5]. Figure 2(b) indicates that a peak in g(E), if it exists,
occurs at Ep > 1 eV. Since the Ep value somewhat reflects
the activation energy for the electromigration effect [30],
RuO2 NWs may thus be used for reliable interconnections
with high-breakdown current densities [36].

Recently, from our systematic studies of RuO2 thin
films thermally annealed in oxygen and argon gases, we
have identified the atomic TLSs to arise from the VO’s

[23]. More precisely, in a given RuO2 sample, we have
established that the number density of atomic TLSs, nTLS,
(approximately) equals the concentration of oxygen vacan-
cies, nVO. We have also observed that the thermal annealing
effects on RuO2 NWs are similar to those on thin films, i.e.,
nVO can be reversibly increased (reduced) by annealing in
vacuum or argon (oxygenation in air) [29]. Theoretically,
the activation energy E of VO’s on the (110) surface of
a RuO2 crystal has been evaluated from density-functional
calculations [37]. The results indicate a position-dependent
E value: E ∼ 0.7 eV for an on-top O to hop into an
adjacent vacancy in the bridging O row, and E ∼ 0.9 eV
for a VO in the bridging O row to migrate along the
row. Intuitively, one expects a higher E value for VO’s
in the bulk than on the surface, due to a larger coor-
dination number of Ru atoms bonding with an O atom.
Thus, the observation of Ep > 1 eV in Fig. 2(b) is fairly
reasonable. Because our NWs are polycrystalline with rel-
atively small grain sizes as mentioned, a certain degree
of lattice disorder must exist near GBs, thus leading to
a (wide) distribution of E values [23,31]. This can plau-
sibly explain the observation of a small but finite g(E)

at E < 0.6 eV. Furthermore, although the NWs studied in
this work are all taken from the same batch, probably due
to their differing positions located on the sapphire sub-
strate during the growth process, the nVO values may vary
among NWs [29]. Thus, g(E) varies from NW to NW,
as found in Fig. 2(b). Numerically, the value of nTLS ≈
nVO can be calculated from g(E) through the equation
nTLS(T) ≈ g(E) × 2.6kBT [23]. At T = 300 K, we obtain
nTLS ≈ 2 × 1026, ≈8 × 1026, and ≈2 × 1026 m−3, corre-
sponding to the ratios nVO/nO ≈ 0.3%, ≈ 1%, and ≈ 0.3%,
in NWs A, B, and C, respectively, where nO is the num-
ber density of oxygen atoms in the stoichiometric RuO2
rutile unit cell. This method for inferring the nVO values is
efficient and noninvasive.

B. Thermally activated nanocrystalline defect motion

HRTEM studies have shown that our polycrystalline
RuO2 NWs are constituted of nm-sized crystallites [24].
Therefore, GBs exist in a given RuO2 NW. The bonding
strength between GB atoms is much weaker than that of
bulk atoms residing inside a crystallite. Due to the weak
GB bonding strength, one expects that a nanocrystallite
may repeatedly switch between two (or several) configu-
rational states. Conceptually, such granular switches take
place occasionally, in contrast to the atomic defect fluctu-
ations that are ubiquitous. To search for mobile nanocrys-
tallites and, in particular, to study their kinetics, we exam-
ine in this and previous works more than 30 as-grown
RuO2 NWs, and find RTN signals in five of them (NW
D to be discussed below and the four NWs reported in
Ref. [24]). Note, however, that the possible existence of
dynamic nanocrystallites in other NWs cannot be totally
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(a)

(b)

FIG. 3. Temporal resistivity fluctuations and noise power-
spectrum density. (a) Temporal resistivity fluctuations ρ(t) for
NW D at 300 K measured with a bias voltage V = 0.15 mV. Ran-
dom telegraph noise behavior with bistate values ρ1 and ρ2 is
evident. (b) Resistivity noise PSD Sρ as a function of frequency
for the same NW measured at two bias voltages, as indicated.
The dashed curve is a least-squares fit to Eq. (2) (see text).

ruled out, because their characteristic switching rates may
be beyond our experimental bandwidth (approximately
0.03–1000 Hz). Figure 3(a) shows the time-resolved ρ(t)
for NW D at 300 K, whose values are registered over 30 s
with one reading per 1 ms. Clearly, ρ switches between
two resistivity values, which differ by �ρNC = ρ1 − ρ2 ≈
2.6 μ� cm, corresponding to �ρNC/ρ̄ ≈ 0.6%, where the
subscript NC denotes nanocrystallite. This value of �ρNC
is 5 orders of magnitude larger than the resistivity variation
(�ρa ≈ 1.2 × 10−5 μ� cm) that arises from the conduc-
tion electron scattering off a single atomic TLS [24],
strongly suggesting that the observed �ρNC originate from
the electron scattering off a granular TLS. Numerically,
the size of the dynamic nanocrystallite may be evalu-
ated through the approximate equation �ρNC ≈ NNC�ρa,
where NNC is the total number of atoms constituting the
mobile nanocrystallite [24]. We obtain NNC ≈ 2.1 × 105

atoms in this case, corresponding to a linear crystallite size
of approximately 16 nm, in line with the HRTEM results.

The unequal dwell time of the two resistivity states
exhibited in Fig. 3(a) points to an asymmetric double-well
potential in the TLS model, cf. Fig. 1(a). We denote the
two states as state 1 (state 2), with barrier height E1 (E2),
and the relaxation time from state 1 to state 2 (state 2 to
state 1) as τ1 (τ2). Assume that τ1 = ατ2, with α being
a dimensionless constant. Then, the resistivity noise PSD

due to ρ(t) can be expressed by [38,39]

Sρ(f ) = 4α

(
1

1 + α

)2
[

(�ρNC)2τ

1 + (2π f )2τ 2

]
+ B

f
+ S0

ρ , (2)

where 1/τ = 1/τ1 + 1/τ2, B is a constant, and S0
ρ is the

background PSD. The first term on the right-hand side
of Eq. (2), which possesses a Lorentzian form, origi-
nates from the bistate resistivity fluctuations due to a
single dynamic nanocrystallite. The second term is the
1/f noise stemming from a collection of mobile atomic
defects that always exist in a device. Figure 3(b) shows
the PSD Sρ(f ) converted from the ρ(t) data in Fig.
3(a). The f dependence of Sρ can be well described
by Eq. (2) (dashed curve), with the fitted values τ1 =
60 ms, τ2 = 310 ms, B = 9.0 × 10−2 μ�2 cm2, and S0

ρ =
2.9 × 10−5 μ�2 cm2 Hz−1. We should point out that the
Lorentzian term dominates the overall frequency behav-
ior. For example, at f = 3 − 5 Hz, approximately equal to
75% of the measured Sρ arises from this term. Figure 3(b)
also reveals that the Sρ(f ) curves measured with two dif-
ferent bias currents overlap, suggesting that the observed
nanocrystallite motion is intrinsic but not driven by the
small bias currents. For a rough estimate, by substituting
τ ∼ 0.1 s, τ0 ∼ 10−14 s, and T = 300 K into Eq. (3), we
obtain an activation energy Ē ∼ 0.8 eV for this nanocrys-
talline defect motion (see below for further discussion).
[Unfortunately, NW D incidentally burns out while we try
to measure ρ(t) at different temperatures.]

It is a long-standing conjecture that nanocrystalline
defect motion (around room T) must take place via ther-
mal activation processes. However, to our knowledge, this
intuitive notion has never been tested by experiment, partly
because mobile nanocrystallites are hard to detect, as men-
tioned. In practice, studies of the kinetics of granular TLSs
can provide valuable information on the important mate-
rial parameter such as the GB bonding strength. To achieve
this aim, it is desirable to (controllably, if at all possi-
ble) produce mobile nanocrystallites with their character-
istic relaxation time scale(s) lying within the experimental
bandwidth. Previously, it has been established that high-
energy electron and Kr+-ion irradiation on Cu thin films
generated extra mobile defects and enhanced the 1/f noise
in as-deposited samples [16]. In contrast, it is found that
thermal annealing of AuPd NWs reduced the number den-
sities of mobile defects and thus the 1/f noise magnitudes
[17]. Similarly, the irradiation-induced mobile defects in
Cu films can be annealed away [16]. In those cases, the
authors are largely concentrated on the generation and
removal of mobile atomic defects. By the same token, the
FIB irradiation (with, e.g., Ga+ ions) can also produce
additional defects in a given sample [40]. We therefore
apply a FIB to bombard NW E with the hope of pro-
ducing measurable mobile nanocrystallites, in addition to
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moving atomic defects (see Table I for the FIB irradia-
tion conditions). After the FIB bombardment, NW E has a
relatively high resistivity compared with the typical value
ρ̄(300 K) � 150 − 800 μ� cm for as-grown RuO2 NWs
[28,29,41]. Moreover, its ρ̄(T) curve shows a very weak
temperature dependence between 140 and 300 K, with
ρ̄(140 K) � 1412 and ρ̄(300 K) � 1400 μ� cm, indicat-
ing that the FIB bombardment has introduced a high level
of lattice disorder. [We carry out FIB bombardment on six
RuO2 NWs, and observe mobile nanocrystallites in two of
them, including NW E. The RTN patterns in the other NW
are unreproducible, probably due to the incidentally large
bias voltage applied to measure ρ(t). Therefore, we only
analyze the data for NW E. These preliminary results sug-
gest that FIB irradiation can provide an effective method
for meaningful studies of nanocrystalline defect kinetics.]

Figures 4(a)–4(c) show the temporal ρ(t) fluctuations
of NW E at three T values. Similar to that in NW
D, ρ(t) switches between two values, with �ρNC ≈ 5 −
6 μ� cm. This resistivity variation corresponds to a sig-
nificant change in the NW resistivity of �ρNC/ρ̄ ≈ 0.4%,
suggesting a linear size of approximately 17 nm for the
detected mobile nanocrystallite. The observed unequal

dwell times of the two states imply an asymmetric double-
well potential of the granular TLS, similar to the case of
NW D. Figures 4(d)–4(f) show plots of the corresponding
histograms for Figs. 4(a)–4(c), respectively. The two peaks
in the histogram at each T value can be described by a
sum of two Gaussian curves (red curves). Figures 4(a)–4(c)
demonstrate that, as T increases from 275 to 295 K, the
resistivity switching occurs considerably faster, implying
that the relaxation times τ1 and τ2 are strong functions of T.

Figure 5(a) shows the Sρ(f ) curves for NW E at
several T values. We see that Sρ first increases rapidly
with decreasing f below approximately 100 Hz, then
the dependence slows down at a crossover frequency
f ′, as indicated by the arrows. Note that f ′, which is
defined by f ′ = 1/(2πτ) from the first term in Eq. (2),
increases with increasing T. Thus, 1/τ increases with
increasing T. By fitting the Sρ(f , T) curve at each tem-
perature to Eq. (2) (dashed curves), we obtain the val-
ues for relaxation times τ(T), τ1(T), and τ2(T), and the
parameters B = (2.4 − 8.8) × 10−2 μ�2 cm2, and S0

ρ =
(0.83 − 1.2) × 10−3 μ�2 cm2 Hz−1. Figure 5(b) shows the
T dependence of these relaxation times between 270
and 305 K. A ln(τi) ∝ T−1 law (i = 1, 2) is observed,

(a)

(b)

(c)

(d)

(e)

(f)

FIG. 4. Random telegraph noise and histograms. Temporal resistivity fluctuations ρ(t) for NW E at (a) 275, (b) 285, and (c) 295 K,
measured with a bias voltage V � 0.70 mV. Random telegraph noise behavior with bistate values ρ1 and ρ2 is evident. (d)–(f) His-
tograms for the corresponding bistate resistivities shown in (a)–(c). The red solid curve in each panel is a sum of two Gaussian curves,
and is a guide to the eye.
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(a) (b)

FIG. 5. Resistivity noise power-spectrum density and nanocrystallite relaxation times. (a) Sρ as a function of frequency for NW E
at several temperatures. The dashed curves are least-squares fits to Eq. (2), as described in the text. The arrows indicate the crossover
frequency given by f ′ = 1/(2πτ), where 1/τ is the effective relaxation rate for the fluctuating nanocrystallite. For clarity, the curves
from bottom to top are multiplied by factors of 1, 50, 500, 104, 2 × 105, 5 × 106, 108, and 2 × 109, respectively. (b) Relaxation times
τ1, τ2, and τ (in a logarithmic scale) as a function of the inverse of temperature. The black and red straight dashed lines are linear fits
to τ1 and τ2, respectively.

unambiguously demonstrating that the granular TLS fluc-
tuations are governed by the thermal activation processes.
The relaxation rates, cf. Fig. 1(a), are given by

1
τi

= f0,i exp
(−Ei

kBT

)
, (3)

where f0,i denotes the attempt frequency at state i. From
linear fits to Eq. (3) (straight dashed lines), we obtain E1 ≈
0.85 eV and E2 ≈ 0.68 eV. The asymmetry of the TLS is
�E = E1 − E2 ≈ 0.17 eV, or �E/Ē ≈ 22%, where Ē =
(E1 + E2)/2. This average barrier height Ē ≈ 0.77 eV is in
agreement with that estimated for NW D and with several
previously studied RuO2 NWs [24], where the ρ(t) fluctu-
ations are measured only at T = 300 K and the Ē values are
inferred from a less direct method. Note that this Ē value
is more than one order of magnitude smaller than the inter-
atomic bonding strength (approximately 10 − 30 eV) for
bulk atoms in a crystallite [42]. This is in agreement with
the reverse Hall-Petch effect, which states that the mechan-
ical strength decreases in a material composed of nm-sized
grains [43,44].

The above approach for extracting Ē value through RTN
measurements is relevant to a variety of nanotechnological
applications. For example, due to the weakened bond-
ing strength, GB atoms may be driven to move under a
high current density, causing electromigration in nanoelec-
tronic devices. It was recently found that the GB stability
in nanograined Ni-Mo metal was enhanced by thermal

annealing, resulting in increased material hardness [45]. In
two-dimensional (2D) materials, an increased 1/f noise
in the presence of GBs was observed [46]. In addition,
it was reported that GBs in a 2D material could be used
to fabricate memristors [47]. Characterizing GB properties
through RTN studies, as shown in this work, helps to gain
insight into these issues. Because RTN switching causes
much larger resistivity fluctuations than 1/f noise does,
its pernicious effect on nanodevices could be even worse
than the mobile atomic defects. This issue has not been
addressed much in the literature, but it deserves further
studies.

IV. CONCLUSION

As downsizing of nanodevice dimensions continues,
undesirable dynamic defects, which exist ubiquitously in
real materials and cause low-frequency noise and structural
instability, play detrimental roles on limiting the ultimate
performance and reliability of miniaturized devices. The
RuO2 rutile has witnessed a wide range of technologi-
cal and industrial applications for decades. Unlike most
nanostructures made of other materials, RuO2 NWs are
chemically and thermally stable in the ambient. More-
over, its oxygen contents can be reversibly adjusted via,
for example, thermal annealing or ionic liquid gating [48].
Very recently, theoretical and experimental studies have
discovered that RuO2 is a Dirac nodal-line metal, making
it a fascinating member of the rutile family [49]. Through
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investigations of electronic noise processes, we extract the
activation energy-distribution function g(E), which char-
acterizes the energy and time scales of moving atomic
defects in polycrystalline RuO2 NWs. In addition, we
demonstrate that around room temperature nanocrystalline
defect motion clearly exists, which is driven by thermal
activation. Our quantitative results provide prudent infor-
mation about differing types of dynamic defects in metal
nanostructures.
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