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Abstract
We report a detailed experimental study of the resistance fluctuations measured at low
temperatures in high quality metal nanowires ranging in diameter from 15–200 nm. The wires
exhibit co-existing face-centered-cubic and 4H hcp phases of varying degrees as determined
from the x-ray diffraction data. We observe the appearance of a large non-Gaussian noise for
nanowires of diameter smaller than 50 nm over a certain temperature range around ≈30 K. The
diameter range ∼30 nm, where the noise has maxima coincides with the maximum volume
fraction of the co-existing 4H hcp phase thus establishing a strong link between the fluctuation
and the phase co-existence. The resistance fluctuation in the same temperature range also shows
a deviation of f1 behavior at low frequency with appearance of single frequency Lorentzian
type contribution in the spectral power density. The fluctuations are thermally activated with an
activation energy ~E 35a meV, which is of same order as the activation energy of creation of
stacking fault in FCC metals that leads to the co-existing crystallographic phases. Combining the
results of crystallographic studies of the nanowires and analysis of the resistance fluctuations we
could establish the correlation between the appearance of the large resistance noise and the onset
of phase co-existence in these nanowires.

S Online supplementary data available from stacks.iop.org/nano/27/455701/mmedia

Keywords: nanowires, 1/f noise, phase co-existence, resistance fluctuations, non-Gaussianity,
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1. Introduction

The correlation between structural and transport properties of
nanoscopic systems is a subject of great current interest. The
large surface to volume ratio of these systems increases the
relative importance of surface energies bringing into existence
structural forms not generally seen in their bulk counterparts.
Several research groups have shown, both experimentally and
theoretically that this gives rise to behavior quite novel to this
size regime [1–4]. Some examples are the spontaneous
reconstruction of Au nanowires from a phase with a á ñ100
axis into a new configuration with á ñ111 axis [1] and surface

stress induced spontaneous transformation of Ag nanowires
from a face-centered-cubic (FCC) structure to a body centered
tetragonal structure [2]. It has been predicted theoretically that
metal nanowires below a certain diameter should exhibit
shape memory effects and pseudo-elasticity [3, 4] and that for
certain nanowires the maximum recoverable strain is about
40%—this is much larger than that in bulk shape-memory
alloys like NiTi where it is only about 10% [4]. To the best of
our knowledge there is no systematic experimental study of
the effect of this structural phase transition on the electrical
transport properties in metal nanowires, in particular on
resistance fluctuations.
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In this article we present experimental studies of the
correlation between electrical transport and crystal structure
of metal nanowires ranging in diameter from 15 to 200 nm.
For nanowires of certain diameters we observe large non-
Gaussian resistance fluctuations over a specific temperature
region (≈30 K). The non-Gausssian fluctuations, established
by extensive analysis, contribute preferentially to low fre-
quency part of the power spectrum and make it deviate from
the ubiquitous f1 spectral dependence. We were able to
connect these large non-Gausssian resistance fluctuations to
structural fluctuations that arise from co-existing closed
packed phases (like fcc and hcp phases) in nanowires when
their diameters fall below certain critical value. These co-
existing phases appear because of large surface energy con-
tributions in these nanowires with large aspects ratio. Using
x-ray diffraction (XRD) we were able to correlate the devel-
opment of mixed crystallographic phases in these nanowires
with the resistance fluctuations.

The magnitude of the structural instability driven fluc-
tuations in the electrical resistance are of the order of
�10ppm. Hence, they are not detectable in standard resis-
tivity measurements which typically have a resolution of
100ppm or worse. Noise spectroscopy, as shown later in this
article, has the resolution (�1 ppm) to detect these fluctua-
tions and hence can be a very effective tool to probe structural
instability in nanoscale systems.

2. Sample preparation and characterization

Nanowires of Ag and Cu with diameters in the range of
15–200 nm and length 6 μm were electrochemically deposited
using polycarbonate membranes as a template from AgNO3

and CuSO4 respectively (for details of the growth and char-
aterization see [5–7]). The nanowires used here are similar to
those used in our previously published work on resistivity [5]
and noise [6, 7]. In this article we present the data only for the
Ag nanowires (AgNW)—the data for Cu nanowires (CuNW)

were qualitatively similar and have been shown in the online
supplementary data. Figure 1 shows the high resolution
transmission electron microscopy (TEM) data for some of the
nanowires which show their high structural quality. The
resistance of the wires was measured in a helium cryostat over
the temperature range 4.2–300 K using a standard ac four-
probe method. On each of the two sides of the membrane
containing the parallel array of wires two electrical leads were
attached using silver epoxy providing a pseudo four-probe
configuration [5]. We have shown in our previous publica-
tions that this technique leads to a fair estimation of the
resistivity of individual nanowires [5]. The device was biased
by a constant 1 μA ac current. This was achieved by applying
a constant ac voltage (1 V rms) from the sine output of the
lock-in amplifier (LIA) and the current through the device
was determined by a large (1MΩ) precision ballast resistance
in series with the device. The temperature of the ballast
resistance was maintained to within±10 mK to eliminate
changes in resistance due to thermal drift. The voltage across
the device was pre-amplified (SR552) and detected using a
LIA (SR830). The resistance was seen to decrease mono-
tonically with decreasing temperature with no signatures of
weak localization at the lowest temperatures.

3. Magnitude of noise and power spectral density

Resistance fluctuation (noise) was measured over the temp-
erature range 4–300 K using an ac four-probe technique
which allows direct determination of the noise from the
device as well as the background noise [8, 9]. The device was
biased by a constant ac current. The voltage across the device
was amplified by a low noise pre-amplifier (SR554) and
coupled to the input of a dual stage LIA. The demodulated
output of the LIA was sampled at 2048 points s–1 by a 16 bit
analog-to-digital conversion card and recorded to form the
time series of voltage fluctuations. Subsequently, the time
series of voltage fluctuations was subjected to multiple stages

Figure 1. (a) TEM image of a typical Ag nanowire. The inset shows the SADS pattern. (b) High resolution TEM image showing twinning
defect seen along the length of a Ag nanowire.
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of digital signal processing including anti-alias filtering and
decimation. The power spectral density of voltage fluctuations
(PSD), SV ( f ) was obtained using the Welch’s method of
averaged periodogram. The relative variance of resistance
fluctuations áD ñR R2 2( ) (which we will refer to as noise) was
calculated by integrating the PSD over the band-with of the
measurement:

òD
=

R

R

f S f f

V

d
. 1

V2

2 2

( )
( )

The measured power spectrum retains its V2 dependence
where V is the voltage across the device (see online supple-
mentary data). Figure 2 shows a plot of the measured noise
áD ñR R2 2( ) as function of temperature for AgNW of different
diameters over the temperature range 4–100 K. We find that
for Ag nanowires of diameter d 50nm there is a large peak
in the noise near about 30 K (shown by an arrow in figure 2)
—we refer to this temperature as TP. In wires of diameter
larger than 50nm the noise is almost constant over this
temperature range. We note that the peak magnitude of the

noise depend non-monotonically on the diameter of the wire,
being maximum for wires of diameter 30nm.

To compare the resistance fluctuations between different
samples we use the dimensionless empirical parameter known
as the ‘Hooge parameter’ gH [10] defined as:

g
=S f

R

N f
, 2R

H
2

c
( ) ( )

where gH is an empirical constant and Nc is the number of
charge carriers in the system. The values of the Hooge
parameter obtained using this equation for AgNW of different
diameters are plotted in figure 2(b). At temperatures away
from TP the value of gH measured at 1 Hz is of the order of
10−3, a value similar to but somewhat larger than what one
would expect for a clean metallic bulk sample/thin film [11].
As we approach TP the value of gH rapidly increases, the
increase in the case of Ag wires of diameter 30nm being by
more than two orders of magnitude.

Since noise and fluctuations measurements involve the
study of very small variations in the quantity being measured,
often a question arises as to how reproducible are the data that
one can trust these variations. We categorically note that the
data are quite reproducible. An example of this is shown in
the inset of figure 2(b) where we show the noise measured on
three different samples of Ag nanowires of diameter 15 nm—

the sample to sample variation is less than 10%.
The PSD SR( f ) of the resistance fluctuations also shows

an interesting dependence on the diameter. The PSD scaled
by the square of the resistance of the sample is shown in
figure 3 at a few representative temperatures for the AgNW of
different diameters. Note that the data is plotted as
f S f R. R

2( ) and so for a f1 noise, the plot should be parallel
to the frequency axis. For AgNW of diameter larger 50nm
the PSD is f1 in nature at all temperatures. Even for nano-
wires of diameters smaller than this value, at temperatures
sufficiently away from TP the power spectra are f1 in nature.
However, for these samples as we approach TP the PSD
deviates very strongly from f1 nature, the deviation being
the most severe for AgNW of diameter 30nm. This diameter
we call dP. Thus we see that near TP, the noise in nanowires of
the smallest diameters have additional low-frequency com-
ponents which causes it to deviate from the usual f1 nature
with a very sharp rise of the power spectrum at low fre-
quencies. Such sharp dependencies of the PSD on the fre-
quency are rarely seen. It should be noted that even when
there is a clear deviation from f1 behavior, the power
spectrum retains it V2 dependence where V is the voltage
across the device.

Before going into further analysis of the data, we briefly
summarize the observations made in this section:

(1) The PSD of resistance fluctuations in AgNW seem to
have two different spectral components. The first one is
a high frequency temperature independent part whose
magnitude is similar in samples of all diameters (see
figure 3). The PSD of this temperature independent
component is ~ f1 for all the samples studied. The

Figure 2. (a) Relative resistance fluctuations á D ñR R2 2( ) as a
function of temperature for AgNW of diameters 15nm (black open
squares), 30nm (red open squares), 50nm (green filled triangles),
100nm (blue open stars) and 200nm (cyan filled inverted triangles).
For comparison the noise measured on a 100 nm Ag thin film is also
plotted (black filled triangles). (b) Value of the Hooge parameter gH

plotted as a function of temperature for Ag wires of different
diameters (cyan filled circles—15 nm, red open triangles—30 nm
and olive filled diamonds—200 nm). The inset shows á D ñR R2 2( ) as
a function of temperature for Ag nanowires of diameter 15nm
measured in three different samples.
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second noise component, which is temperature depen-
dent, appears only for wires of diameters smaller than a
certain diameter dP as a broad peak near a certain
temperature. For this component of noise the PSD
deviates severely from a f1 character with a very sharp
rise in the noise at the lower frequencies indicating the
appearance of additional frequency components. We
have show later in this article that this extra noise
component at low frequency follows a Lorentzian
lineshape with a corner frequency fC.

(2) In all the devices the value of the Hooge parameter gH

was~ -10 3 at temperatures away from TP, a value often
seen in good metallic samples. This value however,
increased rapidly as we approached TP for nanowires of
diameters smaller than dp.

(3) The PSD was seen to scale as the square of the voltage
bias across the sample at all temperatures and for
samples of all diameters.

Although power spectral density is the most commonly
used method of characterizing fluctuations, it is often not
enough as it contains information only about the two-point
correlations in the system. A study of non-Gaussian noise
involves the study of a rather different set of statistical vari-
ables—the most commonly used ones are the probability
density function (PDF) and second spectrum [12–15]. Below
we show using these tools that the excess noise seen in the
nanowires near »T TP is non-Gaussian in nature and contains
rare voltage jumps of larger magnitude that are statistically
correlated.

4. Probability density function of voltage
fluctuations

In figure 4 we plot the PDF of voltage fluctuations (which is a
measure of the probability of having voltage jumps of a
certain magnitude) at different temperatures for AgNW of
diameters 15, 30, 50 and 200nm. For a Gaussian process the
PDF of voltage fluctuations should obey the relation:

⎡
⎣⎢

⎤
⎦⎥m s

s p
m
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P V

V
, ,

1

2
exp

2
, 3

2

2
( ) ( ) ( )

where μ is the mean and σ is the standard deviation of the
distribution. Thus, for a Gaussian distribution, the logarithm
of P(ΔV) is linearly proportional to DV 2( ) and any deviation
from linearity is a measure of the non-Gaussian nature of the
resistance fluctuations. The dashed gray line in each curve is
the Gaussian fit to the data using equation (3). We see that for
wires of diameter 200 nm the fluctuations are Gaussian at all
temperatures. For the wires of lower diameter the PDF
becomes severely non-Gaussian at temperatures near TP with
the appearance of long tails that show deviation from the
Gaussian fit straight line. Similar observations were also made
in the case of Cu nanowires. We show below that the tails of
these distributions which represent large jumps comprise of a
power law dependence of DP V( ) onDV . This implies that at
these temperatures the probability of having relatively large
voltage jumps is enhanced over that at temperatures away
from TP where the fluctuations are Gaussian in nature. An
example of the two contributions to the PDF—Gaussian and a
power law is shown in figure 5 for Ag nanowires of diameter

Figure 3. Plot of the power spectral density of resistance fluctuations (normalized by the square of the resistance of the nanowire) at different
temperatures for Ag nanowires of diameter 15, 30, 50 and 200nm. The data have been plotted as f S f R. R

2( ) to accentuate any deviation
from f1 nature.
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30 nm. The dotted black line shows a Gaussian fit while the
solid olive line is a combination of a Gaussian and a power
law. It can be seen from the plot that at T=18 and 83K
which are sufficiently away from TP on either side of it, the
PDF is Gaussian at all values of voltage fluctuations. On the
other hand at T=42K the PDF is Gaussian for values of
DV below ∼1 nV, above this it clearly is a power law going
as D -V 2.6. The appearance of the non-Gaussian fluctuations
in a narrow temperature window around TP strongly suggests
the existence of additional dynamics in this temperature
regime. The inset in figure 5(b) shows the power law fit to the
data after the Gaussian contribution has been subtracted out
from DP V( ). The relatively large fluctuations (largeDV ) are
rare shown by their low probability of occurrences. Their
separation in a given time-series being large they will con-
tribute to the low frequency region of the PSD. Thus large
low frequency component that has been seen in some of the
nanowires with diameter range around 30nm can be traced to
these large rare jumps of non-Gaussian PDF.

5. Higher order statistics of resistance fluctuations

We quantify the non-Gaussian component present in the
resistance fluctuations using two different methods to evalu-
ate the second spectrum. The second spectrum is the fast
Fourier transform of the four point correlation function of the
resistance fluctuations filtered over a chosen frequency octave
( fl, fh):

ò d d t p t t= á ñá + ñ
¥

S f R t R t fcos 2 d , 4f
R 2

0

2 2
2

1 ( ) ( ) ( ) ( ) ( )

where f1 is the center frequency of a chosen octave and f2 is
the spectral frequency (for details of the calculation method
see references [9, 12]). Physically, S ff

R 2
1 ( ) represents the

fluctuations in the PSD with time, calculated within the
chosen frequency octave. The second spectrum may be
represented in the normalized form as [15]:

⎡
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⎦⎥ò=s f S f S f fd , 5f f
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where fH and fL are respectively the upper and the lower limits
of the frequency band over which we evaluate the second
spectrum. In our case =f 7 HzH and =f 7 mHzL . For a
Gaussian f1 noise the above equation can be evaluated to
obtain [15]:
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From equation (6) we find that for Gaussian fluctuations, the
slope of s ff

R 2
1 ( )) at high frequencies is about −0.75 with the

spectrum flattening out at lower frequencies.
In figure 6 we plot the normalized second spectrum of

resistance fluctuations s ff
R 2

1 ( ) at different temperatures as a
function of frequency for Ag and Cu nanowires of diameter

Figure 4. PDF of voltage fluctuations for AgNW nanowires of different diameter.

Figure 5. Gaussian fits (olive solid line) and Gaussian+power law
fits (black dotted line) to the PDF of voltage fluctuations (red filled
circles) for Ag nanowires of diameter 30 nm at different tempera-
tures—(a) 18K, (b) 42K and (c) 83K.
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30nm. The data are offset for clarity. The slopes of the plot of
normalized second spectrum (which we denote by β) were
calculated as a function of the spectral frequency f2 from the
plots shown in figure 6 at relatively high frequencies
( >f2 100mHz). β for AgNW of diameters 15 and 200nm
are plotted in figure 7 as a function of the temperature. Also
shown on the right axis is the relative variance of the noise.
We see that for wires of low diameter the peak in the noise
coincides with the temperature at which the non-Gaussianity
in the noise (as quantified by the slope of the second spec-
trum) is at a maximum while for thicker wires both
áD ñR R2 2( ) and β almost are independent of temperature.

The results presented so far suggest that the resistance
fluctuations in Ag and Cu nanowires of diameters around a
certain characteristic diameter dP have very different low
temperature noise characteristics. The noise is significantly

larger and the fluctuations have a large non-Gaussian comp-
onent. We note that none of the established theories for noise
in nanowires can explain the observed noise behavior. This
large non-Gaussian resistance fluctuations seen in metal
nanowires of certain sizes is the central result of the work
presented in this paper. In the next section we investigate their
origin. It is noted that a large noise in metallic nanowires with
diameters below 50 nm can occur at or near room temperature
due to Rayleigh instability [7]. The observed noise at low
temperature is very distinct from that originating from Ray-
leigh instability.

6. Correlation between structural data and electrical
noise

We show below that the noise observed at low temperatures
in these nanowires have a very fundamental origin that arises
due to their nanoscopic dimensions and long aspect ratios.
Molecular dynamics simulations [16–18] and experimental
studies [19–21] show that metal nanowires can undergo
structural transformations to energetically similar structures
through creation of five-fold twin defects. This is mainly
driven by the large surface energy available [1, 22–24]. We
propose that these structural instabilities can lead to the
observed large amplitude resistance fluctuations and that
these fluctuations can be correlated leading to the non-
Gaussian component of the fluctuations. As a first step we
look for the structural instabilities in the XRD studies.

The XRD data for the Ag nanowires taken at 295K are
shown in figure 8(a), the data having been offset for clarity.
Most of the peaks could be indexed to fcc structure of Ag. In
addition, we observed a peak at around 36.4◦ which was
identified to be due to the {10̅10} or {10̅12} 4H HCP phase
of Ag [25–27]. This shows that the crystal structure of these
nanowires in not simple fcc as it is for bulk Ag but is in fact is
a mixture of cubic (fcc) and hexagonal (4H) phases. It has
been proposed that at lower temperatures, the relative fraction

Figure 6. Plot of the normalized second spectrum s ff
R 2

1 ( ) of
resistance fluctuations measured at different temperatures for Ag
nanowires of 30nm diameter.

Figure 7. The slope β of the normalized second spectrum (olive filled
circles) plotted as a function of temperature for (a) AgNW of
diameter 15nm and (b) AgNW of diameter 200nm. The relative
variance of resistance fluctuations (red open circles) are plotted on
the right axis.

Figure 8. (a) X-ray diffraction pattern for the Ag nanowires of
different diameters. (b) Magnified plot of the x-ray diffraction
pattern in the region around the (111) peak of fcc and the {10̅10} or
{10̅12} peak of 4H.
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of the two crystallographic phases and the density of twin
boundaries depend non-monotonically on the temperature and
on the diameter of the nanowire [18, 28, 29]. Below a certain
critical temperature Tc, thermal energy combined with
intrinsic surface stresses can cause a metal nanowire to
spontaneously change its orientation from an initial á ñ100 axis
into a wire with a á ñ110 axis and 111{ } surfaces. Using the
results of [3, 4] we estimate the value of Tc for AgNW to be in
the vicinity of 50 K (see online supplementary information for
details). This estimated value of Tc is very close to TP (∼30 K)
at which the resistance noise in the Ag nanowires peaks. From
our XRD measurements it can be seen that the ratio of the
intensity of 4H peak to that of the fcc peak reaches a max-
imum for wires of diameter 30 nm becoming more than
unity which is in accordance with previous reports [25, 26]
(see online supplementary information for details). These
observations seem to indicate that there is a definite correla-
tion between the appearance of the crystallographic mixed
phases and the low temperature noise behavior in the
nanowires.

From the discussion above it is clear that for metal
nanowires there is a coexistence, over a certain range of
temperature, of two energetically equivalent structures sepa-
rated by the twin boundaries/stacking faults. Twin bound-
aries/stacking faults though extended defects, are weak
scatterers of electrons. As a result their contribution may not
be visible in the resistivity measurement which are typically
done with a resolution of about 100 ppm. Noise measure-
ments provide a much higher precision in detecting small
changes in the average signal than resistivity measurements.
As a result signatures of the coexisting phases can be detected
quite efficiently through noise measurements. We can
associate the dynamics of the relaxation of the co-existing
phases with the noise spectrum in the following way. The
excess low frequency power spectrum seen above the f1
spectral power in nanowires with diameter ≈30nm could be
described by a single frequency Lorentzian spectral lineshape
such that:

= +
+

S f

R

A

f

B f

f f

.
, 7R

2
C

2
C
2

( ) ( )

where fC is the corner frequency that gives the dominant time
scale of the relaxation t p= f1 2C C. Temperature depend-
ence of fC was found to have an activated Arrehenius
dependence on T with an activation energy Ea ≈ 35–50meV
which is comparable to the energy of a stacking fault »95
meV in Ag [30, 31].

7. Conclusions

To conclude, Ag nanowires with diameter below 50 nm were
found to exhibit a large non-Gaussian noise over a certain
temperature range around T ≈30 K. The noise measured was
seen to depend on the diameter of the wire and was maximum
for wires of a ‘critical’ diameter (∼30 nm). The origin of the
noise was found to originate from co-existing fcc and 4H hcp
phases in nanowires with diameter less than 50nm. The non-

Gaussian large noise leads to a strong deviation of the spectral
power density from the f1 nature, particularly at low fre-
quencies. The temperature dependence of the corner fre-
quency for low frequency noise shows activated behavior,
where the activation energy is similar to but smaller than the
creation of stacking fault in the fcc metal. The time/frequency
scale of the noise is thus related to the dynamic nature of the
co-existing phases. The investigation establishes a direct
relation between co-existing crystallographic phases and the
observed resistance noise in these nanowires, a phenomena
that has not been reported before.
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