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The electrical properties of microfabricated nanobridges of copper, silver, and gold with contact diam-

eters in the range 4—32 nm have been studied. High-quality point-contact spectra are evidence that elec-

tron transport is ballistic in these nanobridges. A comparison of our spectra with spectra from mechani-

cal point contacts shows that microfabricated nanobridges are at least as good as mechanical point con-

tacts for study of the electron-phonon interaction. Further, in Au nanobridges we have observed defect
motion induced two-level resistance fluctuations (TLFs). An expression is derived for the voltage

dependence of the temperature Tz of a defect in a nanobridge at low lattice temperatures. Using this ex-

pression for Tz, the experimental voltage dependence of the TLF's is successfully described by a
thermal-activation model for the fluctuation rates, in which the voltage dependence of the activation en-

ergy and defect temperature is included. The values for the attempt time, activation energy, and elec-

tromigration parameter are as expected for defects in metals. An analysis of the two TLF's studied,

showing a striking difference in both voltage dependence and magnitude of the duty cycle, suggests that
rearrangement of complex defects is the mechanism behind the TLF behavior.

I. INTRODUCTION

Recently microfabrication techniques have been ap-
plied to realize metallic point contacts or nanobridges
which operate in the ballistic transport regime, where the
electron mean free path exceeds the constriction diame-
ter. ' These devices are the microfabricated equivalent
of mechanical point contacts and a typical nanobridge
has a size between 5 and 30 nm. Ballistic operation of the
nanobridges is evident from the high quality of the
point-contact spectra. The advantage of microfabricated
nanobridges over mechanical point contacts is the excel-
lent mechanical and electrical stability.

This stability and the fact that, in a resistance measure-
ment, one probes a volume of the size of the constriction,
make a nanobridge a very suitable system to study the
electrical properties of metals on a mesoscopic scale.
Rails and co-workers' have used nanobridges in this
sense and they observed two-level fluctuations (TLF's) in
the resistance of Cu, Al, and Pd devices. From their ex-
periments Rails and co-workers concluded that a TLF in
the resistance originates from reversible motion of an
atomic scale defect in the constriction region between
two rnetastable states. Depending on the operating con-
ditions of the devices also more defects can be active
(more than one TLF in the resistance trace) and, due to
the extremely high current density and electric field in
the nanobridge, even electromigration of defects can
occur (resulting in a changed fluctuation behavior). Rails
and co-workers describe how these fluctuation phenome-
na can be understood as arising from a "defect glass" sys-
tem.

In this paper we present experimental data on nano-
bridges of the noble metals. From a detailed comparison
of our point-contact spectra with spectra from the litera-
ture recorded with mechanical point contacts, we evalu-

ate our nanobridges as spectroscopic tools. In addition,
for the smallest Au bridge we studied TLF's in the resis-
tance at 4.2 K. In contrast to Rails, Ralph, and Buhr-
man, who report duty cycles of the TLF's of about 50%%uo,

only increasing to 70% for higher voltages, we have ob-
served duty cycles of TLF's in a Au nanobridge that
differ considerably. In the analysis of the fluctuation
data, the characteristics of the TLF's are related to prop-
erties of the defects. Also the magnitude of the resistance
change hR of the TLF's is discussed in the framework of
a theoretical model.

II. FABRICATION
AND EXPERIMENTAL TECHNIQUE

The nanobridges are made by evaporating metal onto
both sides of a thin (typically 30 nm) silicon nitride mem-
brane with a nanohole. A schematic cross section is
shown in Fig. 1. Our fabrication method is very similar
to the method presented by Rails, Buhrman, and Ti-
berio. The nanohole in the membrane is patterned by
electron beam lithography and reactive ion etching. Ro-
tation of the sample during evaporation promotes forma-
tion of a clean metal device region in the nanohole. A de-
tailed description of the fabrication process can be found
elsewhere.

Point-contact spectra are recorded with a current
modulation technique, the dc bias being supplied by a
Keithley 220 current source. The voltage across the
nanobridge is directly measured with two PAR 5210
lock-in amplifiers. The two signals, corresponding to the
first and second derivative of the I-V characteristic, are
used to calculate the point-contact spectrum
d I/dV = dV/dI /(dV/dI—), which is proportional
to tz Fz(V), the point-contact version of the Eliashberg
electron-phonon coupling function. For the fluctuation
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a F~(V}= fi 1 d I
(V)

ne A,&N(E+) dV
(2)

where Q,&=8a /3 is an effective volume wherein pho-
nons are generated and N(E~) is the electron density of
states at the Fermi level. The right-hand scale of Fig. 2
gives units for a F (V). The background 8(V) of the
spectra (dash-dotted curves) is obtained by using the func-
tion' 8(V)=C foa F~(V)dV, where the constant C is
taken such that the background level coincides with the
spectrum for V = V,„.To show the dependence of the

(since pl is temperature independent) and merely a func-
tion of geometry (contact radius a).

In the Au spectrum an additional "peak" due to dou-
ble phonon scattering is resolved at voltage V~A+ VLA,

V~A and V&A being the positions of the TA and LA
peaks, respectively. The presence of this peak in the
spectrum is evidence of a very clean constriction region.
The relative intensity S(TA+LA)/S(TA) of the double
phonon peak relative to the TA peak (after subtraction of
the background, see below) amounts to 0.04. This is in
reasonable agreement with a/l, =0.01, the theoretical
value of the relative intensity. We note that for this Au
nanobridge the electrical contact between the evaporated
Au layers was established by electrically shocking an ini-
tially noncontacting nanobridge (all other data presented
in Fig. 2 and Table I are from as fabricated nanobridges).

Characteristics of a number of point-contact spectra,
including those of Fig. 2, are given in Table I. Entries in
the table are nanobridge parameters a F~(Vz~) (back-
ground subtracted), the ratio J(LA)/X(TA) of the LA
and TA peak intensities (background subtracted), and
S(B)/2(TA), the ratio of the background (at V = V,„,as
indicated in the Cu spectrum) to the intensity of the TA
peak (background subtracted). Numbers in parentheses
relate to data taken from the literature. Values of
a F~( V) are calculated from

ip'

ioo =

102
)pO

I

)01 $ 02

intensity of the point-contact spectrum on nanobridge
resistance, the magnitude of the transverse-acoustic pho-
non peak for several Ag nanobridges is shown in Fig. 3.
From Eqs. (1) and (2) it follows that the intensity
d I/dV should be proportional to R . From a fit to
the data (solid curve in Fig. 3}we find d I/d V CC R
in very good agreement with theory.

From Table I we observe that a F ( VrA) values of the
nanobridge spectra agree well with the literature values.
The LA peak of the nanobridges is relatively strong and
the background relatively low compared with the TA
peak, as expected for a ballistic device. In making this
comparison we note that for both device types (mechani-
cal point contact and microfabricated nanobridge} varia-

R (Q)

FIG. 3. Magnitude of the transverse-acoustic phonon peak as
function of resistance for several Ag nanobridges. The peak
height was determined after subtraction of the background at
V=10.5 mV. The solid curve is a least-squares fit to the data,
giving d I/dV tx: R

TABLE I. Parameters of six noble-metal nanobridges and of the corresponding spectra. Tabulated
are the resistance R, the electron mean free path I„the calculated constriction radius a, the intensity
a F~(V&A) of the transverse-acoustic phonon peak, the ratio X{LA)/S(TA) of the intensities of the
longitudinal-acoustic and transverse-acoustic phonon peaks, and the ratio S(B)/gTA) of the back-
ground signal to the TA phonon peak intensity. Peak heights are determined by subtracting the back-
ground signal. Numbers in parentheses relate to literature spectra from mechanical point contacts
(Ref. 7).

Material

copper 1 2(a)

2.7

l,
(nm)

285
230

a
(nm)

16
11

a F (V~A)

0.16
0.15

(0.12)

Ratio
2{LA)/J(TA)

0.11
0.14

(0.29)

Ratio
2(B)/J(TA)

0.23
0.12

(0.68)

silver 11( )

3.4
240
240

6
10

0.10
0.10

(0.12)

0.17
0.13

(0.25)

0.04
0.12
(0.09)

gold 83"
5.6

140
140

0.19
0.14
(0.12)

0.34
0.07
{0.31)

0.21
0.15
{0.21)

"These parameters correspond to the point-contact spectra of the nanobridges of Fig. 2.
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tions in the characteristics of spectra occur from device
to device. This is due to differences in crystal orientation
and imperfections of the constriction region. Although
in this way there is no real standard, we conclude, as
judged from the measured spectra, that microfabricated
nanobridges as tools to probe the electron-phonon in-
teraction are at least as good as mechanical point con-
tacts of the noble metals. The advantages of nanobridges
compared to mechanical point contacts are the high
mechanical stability and the absence of degradation of
the contact area by oxidation or contamination.

the constriction region between two metastable states,
while the occurrence of a completely different TLF pat-
tern after a resistance change is ascribed to irreversible
electromigration of defects.

To study the voltage dependence of the TLF's in more
detail we have recorded the spectral density or power
spectrum of the fIuctuations. Typical spectra for a single
TLF at 4.2 K and for three biases are shown in Fig. 5.
According to Machlup" the power spectrum of a signal
that switches randomly between two discrete levels is a
Lorentzian given by

IV. TWO-LEVEL RESISTANCE FLUCTUATIONS

In several gold nanobridges with a relatively high resis-
tance we have observed fluctuations in the resistance as a
function of time. For the smallest nanobridge (83—0 Au
in Table I) we have studied the fluctuations in detail at
4.2 K. For low biases the fiuctuations appear as TLF's
( V=53 and 59 mV in Fig. 4), the switching rate rapidly
increasing with increasing bias. Like Rails, Ralph, and
Buhrman, we find that in this bias range the magnitude
and the bias dependence of the fluctuations are reprodu-
cible for a specific device (i.e., the device is electrically
stable), but differ from device to device, illustrating the
mesoscopic character of the nanobridges. At high volt-
age many fluctuators are active simultaneously ( V = —98
mV in Fig. 4) and for sufficiently high voltage changes in
the average resistance occur. After such an event time
traces of the resistance at lower voltages show completely
different TLF's. These fluctuation properties are similar
to those found by Rails, Ralph, and Buhrman. In part
of the subsequent analysis we will use and elaborate the
model of these authors. This model explains the TLF's as
originating from reversible motion of a single defect in

(3)

where So/4 is the integrated power and ~,z the effective
time. These quantities are related to the resistance
change hR between the levels and to the mean times ~&

and ~2 spent in the high and low resistance state, respec-
tively:

So =4(ER)
~)+W2

1
and

1 1+
jef 71 72

(4)

103

Clearly the shape of the experimental spectra is close to
the Lorentz function, that is constant for low frequencies
and starting from a knee frequency rolls off as 1 /f . For
further analysis we fitted to the data a Lorentzian plus a
l /f term to describe the small residual noise originating
from the preamplifier and possibly from the nanobridge.
This linear combination describes the data excellently.
The resulting Lorentzians are shown in Fig. 5. Even at
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FIG. 4. Time traces of resistance fluctuations of the 83-Q Au
nanobridge of Fig. 2, at 4.2 K and for three biases. The switch-
ing rate of the two-level fluctuator increases if the bias is raised
from 53 to 59 mV. At relatively high voltages more fluctuators
are visible simultaneously, as can be seen in the —98-mV time
trace.

FIG. 5. Spectral density of a single two-level fluctuator for
three bias voltages, illustrating the Lorentzian line shape. The
spectra were taken at 4.2 K from the Au nanobridge for which

time traces are shown in Fig. 3. Due to defect heating the knee
of the Lorentzian shifts to higher frequency for larger bias. The
curves are the resulting Lorentzian spectra obtained by fitting a
Lorentzian plus a 1/f term to account for the small residual

1/f noise.
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Sa(f)Nf

M
(5)

For the nanobridge, of which the power spectrum is
shown in the inset of Fig. 6, we calculate RM=4. 3 0 at
room temperature using Eq. (1) and the resistivity of Au.
A fit of Eq. (5) to the 300-K spectrum gives
y=5. 6X10 and a=1.2. The slope a is in the range
0.9—1.4 generally observed in 1/f noise. ' The intensity
y, which depends both on the (1/f)-noise generating
mechanism and specific device characteristics, falls in the
range usually found for 1/f noise in metal films. 's We
conclude that our measurements provide additional evi-
dence for the theory that 1/f noise in metals originates
from a superposition of Lorentzians, each of them

300 K TLF's can be distinguished in the time traces (see
Fig. 6), but many of them are active simultaneously and
over longer periods of time new TLF's enter the experi-
mental bandwidth while others disappear. The inset of
Fig. 6 shows a typical power spectrum of fluctuations of a
nanobridge at 300 K. This is a typical 1/f noise spec-
trum usually characterized by the phenomenological
Hooge equation' Sz(f)/R =y/(Nf ), wherein y and a
are fit parameters, and X is the number of charge car-
riers, taken equal to the effective volume 4na/. 3 of the
nanobridge times the electron density. To allow a com-
parison of the noise magnitude of the nanobridges with
the noise magnitude of metal films, the noise from nano-
bridges is scaled with the diffusive part RM of the total
nanobridge resistance. ' In this way, the fluctuations are
not attributed to changes in the geometry of the nano-
bridge (corresponding to changes in the ballistic resis-
tance) as function of time. The equivalent scaling formu-
la for the noise magnitude in a nanobridge then becomes

characterizing the noise due to motion of a single defect.
In the analysis of the voltage dependence of two TLF's

at 4.2 K we derived the mean times r, and r2 from Eq. (4)
using the parameters of the fitted Lorentzians and the
magnitude of the resistance changes. The results are
plotted in Fig. 7 as function of 1/voltage. The fluctuation
rates for both TLF's increase rapidly with increasing
voltage. The high and low resistance states of TLF1
respond differently to the voltage. In our experimental
bandwidth the duty cycle stl(r&+r2) decreases rapidly
from 80% to 20% between 53 and 64 mV. For negative
sample biases TLF1 was not observed. TLF2 is active at
lower voltages, both positive and negative. Its duty cycle
is fairly constant but small (7%). These duty cycle prop-
erties are completely different from those reported by
Rails, Ralph, and Buhrman, who only observed duty cy-
cles of about 50%, changing only to 70% for higher volt-
age.

Random switching between discrete resistance levels in
a nanobridge is caused by a defect jumping back and
forth in a double-well potential. The increase in fluctua-
tion rate with increasing bias voltage suggests a thermally
activated behavior, involving a defect temperature Td de-
pending on bias voltage. We will discuss if overall sample
heating can explain the voltage dependence of Td. The
TLF's are observed in a nanobridge with a high-quality
point-contact spectrum (see Fig. 2), which shows a double
phonon peak in the voltage range where the TLF's are
observed. Thermal broadening caused by sample heating
would make this observation impossible. However, it was
shown that sample heating is significant in diffusive point
contacts, but is always accompanied by a large back-
ground in the point-contact spectrum. ' Our small back-

10O

Q)
O

CD

CD
CL)

CC

10-6-,

I

40 50

t (ms}

NX

1os
10~ 102 103

~R—=0.02
R ~ ~k

f (Hz)

0 10 20 30

10-5-

10-10

-40 -20
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FICx. 6. Resistance vs time for a 1.2-kA Au nanobridge at
300 K and at 12-mV bias. The time traces (which are offset for
clarity) were taken under identical conditions. The interval be-
tween time traces was a few seconds. At 300 K switching be-
tween discrete resistance levels is still visible but the character
of the noise changes in time. The inset shows a typical spectral
density of the fluctuations of a 54-Q nanobridge at 300 K and at
16-mV bias, illustrating the 1/f character of the noise.

FIG. 7. Mean times spent in one of the resistance states of
TLF1 and TLF2 observed in a Au nanobridge at 4.2 K as a
function of 1/voltage. Open (closed) symbols denote the high
(low) resistance state. The solid lines are fits to the data points
and yield the defect parameters listed in Table II. The slope
gives the activation energy, the mean y-axis intercept gives the
attempt time, while the difference in y-axis intercept between
the positive and negative voltage branch is a measure of the
electromigration force.
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ground signal proves that the nanobridges are not in this
diffusive regime. Moreover, in case of overall sample
heating the fluctuation behavior should be identical for
reversal of voltage polarity. This is in disagreement with
the observed asymmetries of the fluctuations rates of the
TLF's. The inconsistency of the TLF behavior with
overall sample heating is further evidenced by Rails,
Ralph, and Buhrman, who found that the duty cycle of
a TLF remains constant as a function of temperature,
while it changes as a function of voltage. Therefore we
conclude that the voltage dependence of a TLF cannot be
explained by overall sample heating.

We explain the TLF behavior by 1oca1 heating of the
defect above the lattice temperature due to inelastic
scattering with ballistic electrons. The usual thermally
activated behavior of the mean time r, (i =1,2) is
modified to take into account the electromigration force
on the defect:

%codW'=
—,'(O~r ~0)Q coth

2kTd

%cod
y =

—,'(O~r ~0)Q csch
2k Td

(10)

X X (+k +k')fk(1 fk')Q [(no+ )~(~~ ~~d )

k k'

Since the zero-point motion amplitude is much smaller
than the interatomic distance the Debye-Wailer factor
e =1, while for the Bessel function the small argu-
ment expansion I„(y)=(y/2)'"'(~n~!) can be used. Conse-
quently, we only need to retain the n =+1 terms in the
expression for S(Q, fico), corresponding to creation and
annihilation of a quantum of energy fiend. As a result the
scattering function can be greatly reduced and Eq. (7)
takes the form

7; =7p; exp
s; —

g, V

kTd
(6)

+no5(Aco+ fioid ) ]=0,

Here ro, is the attempt time, c,; the activation energy, g;
the electromigration parameter, V the voltage, and Td
the bias-dependent defect temperature. The parameter g,
measures the total change of activation energy of the de-
fect as a result of the electromigration force' (direct
force plus wind force) and causes an asymmetry of the
log, o(r;) versus 1/Vplot. The temperature of a defect in

a nanobridge can be higher than the lattice temperature,
because electrons can be accelerated to high enough ener-
gies to scatter inelastically with a defect, which is unique
for the nanobridge geometry. To derive an expression for
the defect temperature for high bias voltage and low lat-
tice temperature, we adapted the approach of Ref. 3.
The defect is assumed to be coupled only to the electrons,
so that in equilibrium the requirement of zero net power
transfer P from the electrons to the defect, both by ener-

gy gain and energy loss, is

P ~ g g (Ek Ek )fk(1 fk—)S(Q,Ek Ek )—=0, —(7)
k k'

where Q=k' —k is the scattering vector of an electron
between initial state k and final state k', E& —Ez is the
energy transfer in the scattering process, fk is the elec-
tron distribution function for the ballistic nanobridge
geometry, and S(Q,Ek Ek. ) the scatter—ing function for
electrons colliding with the defect. When the defect is
modeled by an isotropic harmonic oscillator with level
spacing A'cod, then S(Q,Ek Ek ) takes the form'—

S(Q, A'oi) =e e " g I„(y)5(fico nkvd ), —

where e is the Debye-Wailer factor and I„(y) is a
modified Bessel function of the first kind. Both 8'and y
can be expressed in the zero-point motion amplitude
(O~r ~0) ' of the harmonic oscillator:

where no = [exp(fico/kTd )
—1] is the Bose-Einstein dis-

tribution function. Finally„ for a defect in the center of
the nanobridge we derive from Eq. (11)for the low lattice
temperature limit the simple relation

%cod

in[1+ 16ficod /5(e
~

V~ fiend )]—(12)

By numerically solving Eq. (11), it can be shown that the
validity of this low-temperature expression is still excel-
lent at 4.2 K, so that it is well suited for our measurement
data. For energies e~V~ much larger than ficod, Eq. (12)
reduces even further to

(13)

so that the defect temperature becomes completely in-
dependent of specific defect parameters.

We used Eq. (12) for the defect temperature to fit the
thermal activation model represented by Eq. (6) to the
mean times shown in Fig. 7. Contrary to Rails, Ralph,
and Buhrman, we did not fix the harmonic oscillator fre-
quency cod in our calculation but linked it to the attempt
time by cod=2~/7 p. Lacking data at negative biases for
TLF1, g, i was set to zero for this fluctuator. As shown
in Fig. 7, the fitted curves describe the data very well.
Since Td is proportional to V [as can be seen from Eq.
(13)], log&o(i& z) is proportional to 1/V, expressing the
thermally activated behavior of the defect motion. In
Fig. 7 the slope is a measure of the activation energy, the
mean y-axis intercept gives the attempt time, while the
difference in y-axis intercept between the positive and
negative voltage branch is proportional to the electromi-
gration force on the defect. Fitted parameters and other
characteristics of TLF1 and TLF2 are compiled in Table
II. The parameters s;, g, , and Z;* are upper limits be-
cause the actual defect temperature will be smaller than
calculated for two reasons. First, we assumed the defect
to be centered in the nanobridge. Second, we did not
take into account that the defect will lose energy to the
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TABLE II. Defect parameters of fluctuators TLF1 and TLF2 observed in a Au nanobridge. The quantity h,R /R is the measured
relative resistance change and 60. is the corresponding change in scattering cross section. The table gives the attempt time 'T0 activa-
tion energy e, electromigration parameter g, and effective valence Z for the two resistance states of the defect. The values of the last
three parameters are upper limits, as discussed in the text. For TLF1 g could not be determined and was set to zero in the fit (see
text).

Fluctuator

TLF1

hR
R

2.7X 10

ho.

(nm )

3.7 X 10

Resistance

state

high
low

jo

(s)

1p
—13.0

1p
—9.9

(meV)

453
308

(meV/mV)

TLF2 3.8 X 10 5.2X 10-' high
low

10
—12 4

10
—10.8

275
239

—0.25
—0.13

—3.5
1.9

lattice. However, as shown by Rails, Ralph, and Buhr-
man, the effect of energy relaxation to the lattice for low
lattice temperatures is simply a scaling factor for the de-
fect temperature. Therefore fitted values of the activation
energy s; and the electromigration parameter g, will scale
with the same factor. If we adopt the value of the relaxa-
tion parameter experimentally found by Rails, Ralph,
and Buhrman, our values for s; and g; listed in Table II
will be reduced by a factor of approximately 2. The
values of ~p; in Table II correspond to typical phonon fre-
quencies and c; values are as expected for defect motion
in metals. ' Our values of the parameters ro e, , and g,.

are in the same range as found in Ref. 3, confirming the
results of that work. There is, however, also a remark-
able difference with Ref. 3. For TLF1 namely, both 7 p;

and c.; differ considerably for the high and low resistance
state, meaning than the double-well potential is highly
asymmetric. This indicates that we deal here with a rela-
tively complex defect that does not simply jurnp between
two equivalent positions or orientations (such as a vacan-
cy changing site). At the point r, =rz in Fig. 7 the bias-
induced defect heating is strong enough to make the ex-
ponentials in Eq. (6) compensate for the different attempt
times. The absence of TLF1 for negative biases may be
due to the fact that g, and gz differ in such a way that the
difference in effective activation energy (i.e., E; —g; V) is
even increased for this polarity. In that case the rates
1/7

~
and 1/~2 may differ so much that the TLF's cannot

both be observed in the experimental bandwidth. For
TLF2, on the other hand, c, and c.2 are more equal. So in
this case the double well is more symmetric. The small
duty cycle is due to the difference in attempt time for the
two states. From the fitted g; values a crude estimate can
be made for the effective valence Z;*. In doing so, we as-
sume that the defect jumps a nearest-neighbor distance d
(in Au d =0.29 nm) along the central axis of the nano-
bridge. The effective valence is then given by
Z,'=2ag;/d. The resulting values in Table II are quite
reasonable for the effective valence of atomic-size defects.

The last property of the TLF's we address is the resis-
tance change hR between the high and low resistance

I

e VQ
532 I16mkvF ~~~( ) k'e 0,*( )

(14)

In Eq. (14) V is the voltage, Q the volume, vF the Fer-
mi velocity, and T~. is an element of the T matrix for im-

purity scattering. The integrals over the Fermi surface
are restricted to solid angles. These define zones on the
Fermi surface with electrons that arrive at rp after having
traversed the constriction [Qo(ro)] or that are backscat-
tered from rp into the direction of the constriction
[Qo(ro)]. We now assume that the current changes bI,
and EI2 for either position of a defect causing a TLF are
given by Eq. (14), so that b, G is proportional to
AI& —AI2. The conductance can change in two ways.
First, a difference in scattering properties of the two
metastable states, as expressed by a different

~ Tzk ~
for

each state, will cause a conductance change. Second, the
mere positional change of the defect will cause a conduc-
tance change, since the solid angles and therefore the
number of electrons that arrive at the impurity after
traversing the constriction and subsequently scatter back
through the constriction will be different for each state.
To gain insight into the relative importance of the two
contributions, the magnitude of the conductance changes
attainable by the two above-mentioned mechanisms will
be estimated. As an approximation for ~Tzz ~

we take the
usual Legendre polynomial expansion of which we only
keep the lowest-order term. This means that we assume
isotropic scattering. Then with ~T~ ~=(2M /
mk+Q)sin5o, m being the electron mass, we find

states. We have found that the magnitude of the resis-
tance change of a particular fluctuator is independent of
voltage, but changes from fluctuator to fluctuator. In our
experiments on Au nanobridges the relative change
b,R/R ranged from 2X10 to 3X10 . In order to dis-
cuss the magnitude of the resistance changes, we derive
an expression for b, G = bR/R —from the formula of
Sorbello for the change in current AI due to the intro-
duction of an impurity at position rp in a ballistic nano-
bridge:

QR 2e [Qo(r&)Qo(r~) sin 5o&
—Qo(12)Qo(rz) sin 5o2]KG=-

@2 4~
(15)
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With our assumption of isotropic scattering Eq. (15) gives
an upper bound 2e /h for a conductance change of a
TLF. Our observed conductance changes are of the same
order but always smaller than this value. To judge the
accuracy of our isotropic approximation, the conduc-
tance change AG was calculated for a single scatterer
centered in a nanobridge, starting from Eq. (14) and in-
cluding the first four terms of the Legendre polynomial
expansion. By taking for the scatterer a vacancy in a Ag
or Al lattice, we find that the approximation of isotropic
scattering for these defects is accurate to within a factor
of 5. To estimate the magnitude of the conductance
change of a TLF attainable by positional change of a de-
fect, we will calculate the AG of a defect jumping one lat-
tice spacing and having identical scattering properties in
both states (i.e., 50, =502). The strongest dependence of
b, G(r„rz) on the positions is on the axis of the nano-
bridge, close to the center of the device. Consequently,
the largest conductance change is obtained by a jump
direction along the axis of the nanobridge, by setting
50;=sr/2 and taking one of the defect positions as the
center of the nanobridge (we then have QD(r;)
=2m. j 1 —z, /(a +z, )'~ j with z; the position on the axis).
Taking as a reasonable jump distance the nearest-
neighbor distance (0.29 nm in Au) and using a =2 nm for
our 83-0 nanobridge Eq. (15) then gives a conductance
change b, G =0.5e /h, which is of the same order as the
maximum observed conductance change (b,6 =0.84e /h
for TLF1). Therefore the change in position of a defect
between two metastable states can contribute substantial-
ly to the total conductance change of the TLF's. To in-
vestigate the influence of a difference in scattering prop-
erties of the defect between its two states, we will consid-
er the case where EG originates entirely from a reorienta-
tion of a defect and we will calculate the accompanying
change in scattering cross section her. Then, ignoring
any position dependence by centering the defect in the
constriction for both defect states and using
cr; =(4~/kF )sin 50;, we find from Eqs. (15) and (1)

h 4a 2 ARAo. =o. —o. = — AG=na
R

Values of ho. for TLF1 and TLF2 calculated from this
equation are listed in Table II. These values represent
lower limits on ho. , because a TLF further away from the
constriction center requires a larger Ao. to cause the same
conductance change as a centered TLF. The obtained
values for ho. are reasonable for defects with atomic di-
mensions. We conclude that a positional change of a de-
fect between two metastable states as well as a change in
scattering cross section between these two states are im-
portant in explaining the magnitude of the conductance
change of a TLF in a nanobridge.

An important and so far unresolved question in the ob-
served noise behavior of the nanobridges is what type of
defects causes the two-level resistance fluctuations. The
stability of the discrete resistance levels rules out single
point defects, such as single vacancies or interstitials, be-
cause there is no apparent reason why these types of de-
fects would jump between only two metastable positions.

Rather one would expect these defects to diffuse through
the lattice. The magnitude of the resistance changes, the
activation energies, and the attempt times of the fluctua-
tions and the stability of the fluctuation levels all suggest
that TLF's are caused by complex defects that are
sufficient strongly bound to the lattice. The reorientation
of such a complex defect could very well explain the
difference in attempt times and activation energies of the
two states. In the scattering of electrons with complex
defects quantum interference will play an important role.
The positional change and reorientation of defects as dis-
cussed above explain many characteristics of the ob-
served TLF behavior, but for a detailed description a
more elaborate model will be required. Recently, resis-
tance fluctuations in small metallic samples have been dis-
cussed ' as originating from electron interference,
specifically in the framework of the universal conduc-
tance fiuctuations (UCF) and local interference (LI) mod-
els. Since the UCF model applies to the diffusive trans-
port regime, the LI model should be more appropriate
for the ballistic nanobridges.

V. CONCLUSIONS

In conclusion, we have fabricated ballistic noble-metal
nanobridges, from which high-quality nanobridge spectra
were obtained and which showed two-level resistance
fluctuations induced by reversible defect motion. The
very small effective volume (typically 1000 nm ), together
with the extremely high current density (10 A/cm ) and
electrical field (10 V/cm) attainable in nanobridges, al-
lows the study of defect properties from the bias depen-
dence of the fluctuations. The device characteristics
make nanobridges a powerful tool in the study of the de-
tailed microscopic mechanisms of 1/f noise and elec-
tromigration. Specifically, the determination of the
effective valence of a defect from the asymmetry of the
bias dependence of the fluctuation rate shows that elec-
tromigration parameters can be obtained. Further, the
observation at room temperature of resistance fluctua-
tions with many TLF's active simultaneously and result-
ing in a 1/f power spectrum demonstrates that the defect
motion, visible at 4.2 K as a single TLF with Lorentzian
spectrum, is a fundamental mechanism of 1/f noise. The
nature of the defect parameters and the result of an eval-
uation of the magnitude of the resistance changes suggest
that complex defects are involved in the fluctuation phe-
nomena. Moreover, the local interference model could
provide an appropriate description for the TLF behavior.
For better insight into electromigration and (1/f)-noise
processes, it would be interesting to introduce and study
well-known defects in a nanobridge.
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