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Quiet and noisy metastable voltage states in high-Tc superconductors
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The interaction between the telegraph noise and background voltage fluctuations in the current induced
dissipative state of high-Tc BiSrCaCuO thin films has been investigated. Experimental time records of the
voltage drop across current biased thin film strips show markedly different background noise traces in the up
and down telegraph states. Detailed analysis demonstrates that fluctuations around the telegraph voltage levels
are due to a unique background noise process. The apparent quiet and noisy voltage states are due only to
differences in the effective frequency bandwidth at which background noise is seen at distinct telegraph levels.
Changes of the background noise variance ratio with changing bias current follow changes of the statistical
average lifetimes of the random telegraph process.
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I. INTRODUCTION

Voltage noise in the thermodynamically superconduct
state is associated with dissipation induced by motion
magnetic flux structures and/or action of intrinsic Joseph
junctions. In good quality high-Tc superconducting~HTSC!
samples the dissipation caused by the flow of transport
rents along the superconducting planes is dominated by
sipative flux processes. Flux noise due to randomness in
tex matter dynamics converts into observable volta
fluctuations by means of an intrinsic flux-to-voltage conv
sion mechanism.1–3 Low frequency flux and voltage noise i
HTSC systems typically appears as wide band Gaussian
tuations with a 1/f -like power spectral density~PSD!.
1/f -like noise is frequently accompanied by characteris
non-Gaussian random telegraph noise~RTN! components.
Telegraph signals in HTSC systems were detected in m
netic flux noise at low5–7 and high magnetic fields,8 magneti-
cally modulated microwave absorption,9 and in voltages ap-
pearing across dc current biased thin films.3,10–14

In the simplest case of a two-level random telegraph s
nal ~dichotomous noise! the observable switches random
between two fixed levels, referred to as ‘‘up’’ and ‘‘down
level. Generation of dichotomous noise can generally
traced to an action of a two-level fluctuator~TLF! consisting
of two energy wells separated by a barrier. The system
dergoes thermally activated or tunnel transitions between
wells corresponding to random switching of the measu
observable, for a review see Ref. 4. In reality, random te
graph signals deviate from the ideal two-level fluctuator p
ture. First of all, experimentally observed RTN always a
pears on the background of noise contributed by ot
random processes in the sample and by instruments in
electronics chain. Waveforms of experimentally observ
HTSC random telegraph signals frequently exhibit exo
features, such as multilevel switching5,7,15and modulation of
PRB 620163-1829/2000/62~10!/6674~7!/$15.00
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telegraph amplitude and/or switching frequency by yet
other telegraph signal.16,17

Among many exotic manifestations of RTN signals
HTSC systems, events demonstrating different traces
background noise at different RTN levels, or in other wor
background noise which changes synchronously with
telegraph signal, deserves particular attention. This phen
enon was first observed in flux noise experiments perform
at zero field cooled HTSC samples and since then is refe
to as ‘‘noisy and quiet metastable states.’’5 Pronounced
asymmetry in the background noise variance at distinct t
graph levels has subsequently been observed by us in
voltage noise of current biased HTSC thin films.16 The ap-
pearance of quiet and noisy telegraph states was tentat
interpreted as a signature of vortex hopping from a s
where it is relatively mobile to a site where it is much mo
restricted spatially.5 This assumption imposes strong cond
tions on the model of an active two-level fluctuator by r
quiring the TLF energy wells to have different curvatur
Consequently, the attempt frequencies for two distinct we
must also be assumed to be different. Thus a TLF resp
sible for the appearance of quiet and noisy metastable s
deviates markedly from the classical TLF scenario of t
symmetric wells separated by an asymmetric barrier.4,19

It is worth remembering here that similar exotic rando
telegraph wave forms have been observed in nonsuper
ducting solid state systems.18–21 The nonsuperconducting
quiet and noisy RTN events were generally ascribed to in
actions between localized structural defects and active t
level fluctuators in small size systems. Nevertheless, me
nisms responsible for synchronous switching of RTN le
and background noise intensity as well as modulation of
telegraph wave forms in HTSC samples cannot be con
tently explained by evoking similar defect-fluctuat
interactions.5 This paper is devoted to the experimental i
vestigation of the nature of quiet and noisy metastable st
6674 ©2000 The American Physical Society
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appearing in random telegraph voltage noise in zero fi
cooled BiSrCaCuO thin film strips which are driven into
dissipative state bydc current flow.

II. EXPERIMENTAL

The experiments were performed with 300 nm thic
c-axis oriented high quality thin BiSrCaCuO 2212 films fa
ricated by means of molecular beam epitaxy. The details
sample preparation and characterization are repo
elsewhere.22 The films had a very high residual resistan
ratio, R300/100>3.3, Tc(R50) above 86 K, and critical cur
rent densityJc(4.2 K);105 A/cm2. X-ray diffraction spec-
tra of the films showed only peaks of the pure 2212 ph
and strong preferential orientation with the c axis perp
dicular to the substrate plane. The films were patterned
50 mm wide strips with large silver covered contacts pa
on both ends of the strip and voltage pick-up leads separ
by 50 mm. In the experiments the voltage signal develop
underdc current flow in the strip was delivered to the top
cryostat, amplified by a low noise preamplifier, and p
cessed by a signal analyzer. Several random telegraph e
were detected in many, relatively narrow, noisy windo
ranges of temperature, current flow and associated mag
fields. In this paper we concentrate, however, only on R
events observed in the current induced dissipative stat
zero applied magnetic field.

An example of a RTN wave form appearing in one of o
strips at 77 K is shown in Fig. 1. Even a brief examination
the experimental record convinces one that the appa
background noise intensities at distinct telegraph levels
markedly different. This is a clear manifestation of the qu
and noisy metastable states seen in the form of voltage
tuations. It should be emphasized that the appearanc
quiet and noisy metastable states in current biased HT
samples is not restricted to a particular type of a sample
deposition technique. We have previously reported sim
events in BSCCO films obtained by liquid phase epitaxy
NdGaO3 substrates.16

The switching in the intensity of the background noi
synchronous with the RTN signal suggests that some form
statistical correlations between RTN and background fl
tuations may exist. To get a deeper insight into this puzzl
phenomenon we have performed a detailed statistical an
sis of the RTN wave forms and background fluctuations. T
experimentally observed background noise has been inv
gated by analyzing Gaussian distributions of voltage fluct

FIG. 1. A typical telegraph noise time record demonstrat
quiet ~down level! and noisy~up level! metastable states.
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tions around mean voltages of the RTN levels. For each c
rent flow the analysis was performed by averaging the res
of at least five time records sampled in 40 960 points. T
RTN components of the experimental record have been
tially analyzed by annotating the time instances at which
system undergoes transitions between RTN states, deter
ing the time lengths of individual pulses and heights of in
vidual RTN amplitudes, building their histograms, and fin
ing the statistical average values. This procedure
straightforward for clean RTS signals, well above the ba
ground noise intensities. However, this approach fails co
pletely in the case of ‘‘noisy’’ records, for which it become
difficult to determine the precise moment at which tran
tions occur. To enable analysis of the experimental reco
strongly perturbed by the background noise we have de
oped a new procedure of RTN analysis in the time dom
which is based on differences between statistical proper
of the Gaussian background noise and Marcovian RTN fl
tuations~Sec. III!.

Statistical analysis confirmed that variances of ba
ground fluctuations around up and down telegraph levels
indeed different. Moreover, we have found that the ratio
tween variancessup/sdn changes markedly with changin
current flow, as shown in Fig. 2. The dependence of
variance ratio on bias current should not be surprising, si
all statistical average parameters of the RTN fluctuations
HTSC systems are known to change with changing curr
flow.3,10–12,14The evolution of RTN lifetimes with changing
bias current as determined from experimental records is
lustrated in Fig. 3, while the current dependence of R
amplitude is plotted in Fig. 2 together with the variance rat

Figure 2 shows that current induced changes of the v
ance ratio follow closely the RTN amplitude evolution. Th
feature may be evoked as an argument in the favor of p
sible statistical correlation between RTN and backgrou
fluctuations. However, a careful examination of the varian
ratio behavior reveals that at a certain current flow, the v
ances of the background noise at RTN levels become eq
sup5sdn. Moreover, one finds that with further current in
crease the noisy and quiet metastable states are intercha
The current flow at which the variances become equal c
responds to the symmetrizing currentI s at which tup5tdn

FIG. 2. Current dependence of the variance ratio~left axis! and
RTN amplitude~right axis! recorded at zero applied magnetic fie
in current induced dissipative state~zero cooled sample! at 77 K.
Note thatsup/sdn51 for I 5I s514.3 mA.
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and the RTN wave form is symmetric: compare Figs.
and 2.

The disappearance of differences between the backgro
fluctuations around RTN levels at the symmetrizing curr
strongly suggests that the apparent differences in RTN b
ground noise variances are associated with difference
RTN lifetimes at distinct metastable levels. This transla
directly into differences in the effective bandwidth in whic
the background noise at each level is observed in the exp
ment. In the time domain the mean square noise around
RTN level is

^sup(dn)
2 &5

1

TE0

T

@U~ t !2Ūup(dn)#
2 dt, ~1!

whereU(t) is the departure from the mean valueŪup(dn) of
the signal, andT is a time interval. On the other hand, in th
frequency domain, the variance of a signal with a zero m
can be expressed as

^s2&5E
f min

f max
S~ f !d f , ~2!

where the bracket denotes ensemble averaging,S( f ) is the
spectral density function~PSD!. The maximum frequency in
the record and the upper limit for the integral~2! is set by the
data sampling frequency,f max51/Dt, whereDt is the time
interval between data points. The lower frequency limit
the experimental bandwidth is set by the inverse of the
erage RTN lifetime,f min51/t.23–25 To compare the real in
tensities of the background noise at distinct RTN level and
establish whether quiet and noisy metastable states exi
physical reality one should calculate the variance ratio
rectly from Eq.~2!. This requires the functional form of th
PSD for the background noise.

One can determineS( f )bckgnd, assuming the RTN and
background fluctuations are uncorrelated, by subtracting
PSD of a pure RTN contributionS( f )rtn from the total ex-
perimentally recordedS( f )exp. For a pure two-level RTN
signal,26

S~ f !rtn54DV2
~tuptdn!

2

(tup1tdn)
3

1

114p2f 2/ f c
2 , ~3!

FIG. 3. The evolution of average RTN lifetimes with changi
bias current. Note that for the symmetrizing currentI 5I s the RTN
wave form is symmetric,tup5tdn.
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where f c5tup
211tdn

21 . The spectrum of a pure RTN contr
bution can be calculated from Eq.~3!, by inserting the am-
plitudeDV, and average lifetimestup, andtdn obtained from
statistical analysis of the experimental time records. Ho
ever, this approach cannot be applied to signals in wh
RTN and background fluctuations are correlated. In this c
the spectrumS( f )exp5S( f )rtn1S( f )bckgnd1S( f )rtn,bckgndalso
contains an unknown cross-correlation term. In our exp
ments we find strong indications that RTN and backgrou
noise fluctuations may be correlated. Moreover, if quiet a
noisy metastable states really exist it is quite plausible t
the background noise at distinct RTN levels may be char
terized by spectral densities not only with different inten
ties but also with different functional forms ofS( f ). Thus to
investigate RTN background noise problem one should c
ate artificial time records representing background fluct
tions at each RTN level and find their Fourier transform
Noise records of the separate RTN levels can be obtaine
redistributing the experimental record into two subsets, e
containing only data points belonging to a given RTN sta
as described in the next section.

III. RTN ANALYSIS IN TIME DOMAIN

The proposed analysis procedures are based on the
sumption that the telegraph noise constitutes a discrete M
covian dichotomous signal with Poisson statistics of the li
time distribution and a single amplitudeDV, while the
fluctuations within telegraph levels are due only to the ba
ground noise which is assumed to be Gaussian.

In the experiment, the continuous signalU(t) is sampled
with a frequencyf c51/Dt into a digital record$Un% of the
lengthNDt, containingN data points equally spaced in chro
nological order,n5(1,2, . . . ,N). First, we fit amplitude his-
togram$Un% to the two-Gaussian distributionG(Un) corre-
sponding to the sum of background noise distributio
around up and down RTN levels

G~Un!5Gdn~Un!1Gup~Un!

5
Adn

sdnA2p
e2(Un2Ūdn)

2/2sdn
2

1
Aup

supA2p
e2(Un2Ūup)

2/2sup
2

, ~4!

wheresdn andsup are the variances of the background no
around the mean valuesŪdn and Ūup, respectively,Aup
5NupDU andAdn5NdnDU are the areas under the Gaussi
curves,DU is the size of the amplitude histogram bin, an
Nup andNdn stand for the total number of data points in th
record belonging to the respective$up% and $dn% telegraph
state. The probability that a data point from$up(dn)% takes a
value @Un2DU/2,Un1DU/2# is Gup(dn)(Un)@DU/Aup(dn)#.
We start from a pointn21 that with the probabilityP51
belongs to$dn%, i.e.,Un21<Umin

up ~see Fig. 4!. The probabil-
ity that the next data pointn, takes a valueUe@Un
2DU/2,Un1DU/2# is given by a sum of the probabilities o
two alternative events,P n$dn%

up 1P n$dn%

dn , in which pointn be-

longs to the state$dn% or $up%. The first term is the produc
of the probabilities that the pointn takes a value from the
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range @Un2DU/2,Un1DU/2# and that a transition from
$dn% to $up% has occurred in the time between acquisition
the data pointsn21 andn,

P n$dn%

up 5Gup~Un!
DU

Aup

Dt

tdn
. ~5!

The second term describes the joint probability of an even
which pointn takes the same value and no transition occ
between data pointsn21 andn,

P n$dn%

dn 5Gdn~Un!
DU

Adn
S 12

Dt

tdn
D . ~6!

A criterion for ascribing the data pointn either to the state
$up% or to the state$dn% can be based on comparing th
probabilities~5! and ~6!. We define

Fdn~Un!5
P n$dn%

up

P n$dn%

dn
5

Gup~Un!

Gdn~Un!

AdnDt

Aup~tdn2Dt !
. ~7!

Clearly, whenFdn.1 thenn P$up%, whereas forFdn,1 n
P$dn%. In an analogous way, assuming that pointn21 be-
longs to the state$up%, we can formulate the probability o
ascribing the data pointn to either$up% or $dn%,

Fup~Un!5
P n$up%

dn

P n$up%

up
5

Gdn~Un!

Gup~Un!

AupDt

Adn~tup2Dt !
. ~8!

For Fup.1 point n P$dn%, whereas forFup,1 we haven
P$up%. For practical convenience one may convert the pr
ability criterion into the voltage criterion by solving equ
tions Fdn51 andFup51. The solutions,Udn* and Uup* , re-
spectively, determine the threshold voltages~see Fig. 4!
which can be employed for fast redistribution of the acqui
data points between the RTN states. If the previously a
lyzed point has been attributed to the state$dn% then the next
data point will be ascribed to the same state ifUn<Udn* , and
to the opposite state otherwise. If a data pointn21 was
ascribed to the state$up% then the pointn will belong to the
same state whenUn>Uup* .

To determine the threshold voltages one needs to kn
Aup and Adn, Ūup and Ūdn, sup and sdn, and the average
lifetimes tup andtdn. All but tup andtdn are already known

FIG. 4. Amplitude histogram of a noisy RTN signal. An e
ample of overlapping Gaussian distributions described by Eq.~4!.
f

in
s

-

d
a-

w

from the initial fit of the experimental amplitude histogram
to a two-Gaussian distribution~4!. The missing average RTN
lifetimes can be determined through a conventional statist
analysis of lifetime distributions or, alternatively, evaluat
from the areas under the relevant Gaussian curve, prov
that the total number of transition in the recordk is known.
In a largek approximation,k@1, the average RTN lifetimes
can be approximated by

tup(dn)5
2

k

Aup(dn)

DU
Dt. ~9!

The total number of transitions in the experimental record
usually large and the approximationk@1 is generally well
justified, nevertheless, the total number of transitions in
record is still not known. The missingk value can be deter
mined by tentatively redistributing data points according t
simplified rough criterion, which does not require the know
edge of average lifetimes, and subsequently performing
erative fitting procedures of thus redistributed records to
original experimental Gaussian distributions.

In the approximationsup5sdn5s. Equations~8! and~7!
have the following solutions:

Udn* 5
Ūdn1Ūup

2
1

s2

DU
lnS tdn

Dt
21D5Ūdn1ddn, ~10!

Uup* 5
Ūdn1Ūup

2
2

s2

DV
lnS tup

Dt
21D5Ūup2dup. ~11!

A rough criterion for the zero-order redistribution of da
points can be established by setting the logarithmic term
unity. The resulting approximate, overestimated voltage
teria read

Ũdn* 5Ūdn1
DV

2
1

s2

DU
, ~12!

Ũup* 5Ūup1
DV

2
2

s2

DU
. ~13!

After an initial tentative redistribution of data points from th
experimental record one can build an artificial time record
a pure RTN and easily count the number of telegraph tr
sitionsk0. Usingk0 as a zero order approximation of the re
k, one calculatestup andtdn using Eq.~9!. Next, the separa-
tion procedure is again performed, this time with the help
the exact criteria~8! and~7!, whichever is appropriate. Sub
sequently, the new, corrected pure RTN record is created
the new number of transitions,k1, is counted. The iterations
are repeatedi times, until the final number of transitionski
5k is obtained. The finalki is the value for which Gaussia
distributions around each RTN state, as obtained through
separation procedures, fit to the original experimental dis
butionsGup(U) andGdn(U). The described procedure con
verges rapidly and typicallyi ,5 iterations are needed t
obtain a stablek and calculate the values oftup andtdn.

The proposed procedure works well even for relative
noisy RTN signals, as illustrated in Fig. 5 showing
‘‘noisy’’ RTN signal together with a record of clean tele
graph contribution revealed by means of the above descr



ng
pu

a
un

. 3
th
nd
in
h
a
a

nt
,

th
, w
r

ia

ar
at

ar
l
en

in

cu
tw

he
els,
ise

f
, is

nd

dis-

me

ord

ula
sed

ated
g-

he

/
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procedure. Note that all telegraph jumps, even those stro
perturbed by the background noise, can be seen in the
RTN record. The pure RTN record can be also employed
a guide to extract artificial separate records of backgro
noise at each RTN level from the data.

IV. RESULTS AND DISCUSSION

The knowledge of the RTN average lifetimes, see Fig
determined by statistical analysis of the time record, and
acquisition rate allowed us to determine the effective ba
width for the background noise. Now, we have to determ
the functional form of the background noise spectra. For t
purpose, using the procedures described above, we cre
an artificial time record of a pure RTN contribution and
record containing only the background noise compone
The background noise record was obtained by subtracting
the time domain, the pure telegraph contribution from
total experimental record. Subsequently, for each current
calculated the spectral densities of background noise reco
An example of such analysis for a current close toI s is
shown in Fig. 6. The pure RTN contribution has a Lorentz
shape described by Eq.~3!, while the background noise
power spectrum follows a 1/f 0.5 power law within the experi-
mental frequency range. We have verified by further sep
tion of the background noise time record into two separ
contributions corresponding to the$up% and $down% RTN
states that all the background noise components are ch
terized by the same 1/f 0.5 PSD. Moreover, this functiona
form of the PSD does not change with changing curr
within the entire noisy window range.

By insertingS( f ,I )5C(I )/ f 0.5 into Eq. ~2! we obtain the
background noise variance at a given RTN level

^s2&5E
1/t(I )

1/Dt

S~ f ,I !d f5E
1/t(I )

1/Dt C~ I !

f 0.5
d f

5C~ I !F12S 2Dt

t~ I ! D
0.5G , ~14!

where C(I ) is a current dependent constant characteriz
the noise intensity at a unit frequency andt is the average
lifetime at the considered RTN level. We proceed by cal
lating, for each current, the ratio between variances at

FIG. 5. Results of the analysis of a noisy RTN signal in the ti
domain according to the proposed technique. Shown is~a! original
experimental time record,~b! pure RTN component inferred from
the experimental record.
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RTN levels using Eq.~14! with t(I ) values determined from
the statistical analysis of the pure RTN wave form

^sdn
2 &

^sup
2 &

5
Cdn~ I !

Cup~ I !

F12S 2Dt

tdn~ I ! D
0.5G

F12S 2Dt

tup~ I ! D
0.5G . ~15!

At this point we arrive at the crucial question about t
real intensities of the background noise around RTN lev
Cup and Cdn. Let us, for a moment, assume that the no
intensities on both levels are equalCup/Cdn51. The vari-
ance ratio calculated from Eq.~15! under the assumption o
identical background noise intensities on both RTN levels

FIG. 7. Variance ratio of the background noise around up a
down RTN states calculated according to Eq.~2!, solid circles,
compared with the variance ratio obtained from the Gaussian
tributions of the experimental data, filled squares.

FIG. 6. Spectral densities of the total experimental rec
PSDexp, of the pure RTN component PSDrtn , and of the back-
ground noise PSDbckgndfor currents close toI s . The spectral density
of a pure RTN wave has been calculated from Machlup’s form
~3! using statistically averaged values obtained from the discus
time domain analysis. The PSDbckgnd is further divided into con-
stituent components related to$dn% and $up% telegraph states. The
down and up background noise components shown are evalu
from the artificial time records containing only data points belon
ing to the relevant RTN state~separate spectral components of t
background noise are not normalized to the record length!. Note
that all components of the background noise follow the same 1Af
frequency dependence.
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compared with the experimental variance ratio determi
from the width of the Gaussian background noise distri
tions in Fig. 7. The agreement between the calculated
experimental results is excellent, indicating that the ba
ground noise intensities on both RTN levels are indeed id
tical. Therefore, we conclude that the difference in the ba
ground noise traces, appearing as quiet and noisy metas
states, is not due to the exotic structure of a two-level fl
tuator but results from the bandwidth limits imposed on
observable background noise by the telegraph fluctuatio

It is worth emphasizing that it is the RTN mean lifetim
that determines the experimental bandwidth, and con
quently noise variance at a given level, and not the individ
pulse duration. This feature is clearly seen in Fig. 8 show
a fragment of a time record demonstrating the effect of qu
and noisy RTN states. For this recordtup.tdn, and voltage
fluctuations around the up level appear to be much stron
than those around the down level. Our claim that the diff
ence in background noise at two RTN levels is due to
different bandwidth in which we observe fluctuations arou
a given state translates into the length of the time window
which a given state is observed. One may then ask why
the fluctuations within the pulse labeled as ‘‘1’’ in Fig.
smaller than the fluctuations of the pulse labeled ‘‘2,’’ if th
length of the pulse ‘‘1’’tdn

1 is clearly longer than the lifetime
tup
2 of the pulse ‘‘2.’’ Since the time during which we ob

serve pulse 1 is longer, therefore also the bandwidth sho
be wider and the fluctuations around 1 should be stron
then those around 2. This does not happen because
noise constitutes a Markovian process without a memo
When the RTN switches to another level, the only inform
tion available to the system is the probability of switchi
back to the previous state given by the inverse of the sta
tically average RTN lifetime. As our system does not kno
how long it will stay in a given state, the variance at a giv
level cannot adjust itself to the actual pulse length but only
the statistically significant variable, i.e., to the average li
time. Remember that RTN lifetimes~pulse lengths! are ex-
ponentially distributed. Therefore one may well encounte
long pulse belonging to the distribution with a short avera
lifetime as well as a short pulse from the distribution ch
acterized by a long average lifetime. Consequently, fluct
tions around a shorter pulse with a longer average lifet
will appear stronger than those around a longer pulse wi
short average lifetime, as is the case illustrated in Fig. 8

FIG. 8. RTN record demonstrating noisy metastable state
short pulse.
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V. CONCLUSIONS

We conclude that, at least in our experimental case, q
and noisy metastable states do not exist. The difference
tween fluctuations around distinct RTN levels, so clearly v
ible in the experimental time records, is due only to the d
ferences in the effective bandwidth in which one t
background noise is seen in the experiments. The bandw
limits are imposed by the signal sampling rate and the av
age lifetimes of the random telegraph signal. The obser
changes of the variance ratio with changing current re
from the current dependence of the RTN lifetimes.

We emphasize that to claim that quiet and noisy me
stable states really exist in the reality it is not enough
detect different noise variances around different RTN leve
The proper conclusion can be drawn only after differe
background fluctuations appear in a symmetric RTN wa
form, for which the background noise bandwidth at bo
RTN levels is the same. In the pioneering experiments
flux noise this was clearly not the case in the entire tempe
ture range investigated as it follows from the evaluations
the average RTN lifetimes.5 Nevertheless, in these zero fie
and zero current experiments it was not possible to cha
the pristine symmetry of the observed RTN signal and
establish if the quiet and noisy metastable states are du
bandwidth differences or reflect a real exotic structure of
involved two-level fluctuator. In our early communique16

concerning amplitude modulated RTN voltages in th
HTSC films we suggested the possible existence of statis
correlations between the RTN and background noise com
nents based on appearances of quiet and noisy metas
states. Unfortunately, we completely disregarded the fact
noise variances around RTN levels were actually equal fo
symmetric RTN signal. The quiet and noisy metastable sta
as reported in Ref. 16 are therefore most likely also due
the noise bandwidth limits that change with changing b
current. However, the real quiet and noisy metastable st
may exist in the RTN events reported recently in Ref. 27

Finally, we consider why different RTN background noi
levels are so rarely observed experimentally. If the ba
width limiting mechanism is correct, one would expect to s
quiet and noisy metastable states in all asymmetric R
manifestations. The answer lies in the particular functio
form of the background noise. Note that the bandwidth d
ferences have little influence on the variance ratio when
background noise is white. It follows from Eq.~2! that for
white background noise with spectral densityC(I )

^sdn
2 &

^sup
2 &

5
Cdn~ I !

Cup~ I !

~1/Dt !21/tdn

~1Dt !21/tup
. ~16!

Since the sampling rate 1/Dt has to satisfyDt!tup,tdn, for
the white background noisês2&dn/^s2&up'1. Background
noise with 1/f a-like spectrum clearly exercises a much stro
ger influence on the variance ratio. In fact, only this type
background noise can give rise to experimentally observa
quiet and noisy metastable states.
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