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FLICKER (1/f) NOISE IN TUNNEL JUNCTION DC SQUIDS
Roger H. Koch,+ John Clarke, W. M. Goubau, J. M. Martinis, C. M. Pegrum,¢

and D. J. Van Harlingen$
| Department of Physics
University of California
Berkeley, California 94720
and
Materials and Molecular Research Division

Lawrence Berkeley Laboratory
Berkeley, California 94720

ABSTRACT
We have measured the spectral density of the 1/f voltage noise in
current-biased resistively shunted Josephson tunnel junctions and dc
SQUIDs. A theory in which fluctuations in the temperature. give rise to
fluctuations in the critical current and hence in the voltage predicts
the mégnitude of the noise quite accurately for junctions with areas of
about 2 x 'lO4 umz, but significantly overestimates the noise for junc-
tions with areas of about 6 umz. - DC Superconducting Qﬁantum Interference
Devices (SQUIDs) fabricated from these two types of junctions exhibit
substantially more 1/f voltage noise than would be predicted from a model
— . . A
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in Which the noise arises from critical current fluctuations in the junc-
tions. This result was confirmed by an experiment involving two differ-
ent bias current and flux modulation schemes which demonstrated that the
predominant 1/f voltage noise ariseé not from critical current fluctua-
tions but from some unknown source that can be regarded as an apparent
1/f flux noise. Measurements on five different configurations of dc
SQUIDs fabricated with thin-film tunﬁel junctions and with widely varying
areas, inductances, and junction-capacitanees show that the spectral den-
sity of the 1/f equivalent flux noise is roughly constant, within a fac-

tor of 3 of (lO_lO/f)Qin—l.



1. INTRODUCTiON

During the last few years there havé been dramatic improvements in
the flux noise energy, e/1Hz, of dc Superconducting Quantum Interference
Devices (SQUIDs) involving Josephson tunnel junctions at frequencies
above the 1/f noise.region.* Generaliy speaking, these noise energigs
have been in quite good agreement with tﬁe pr.edictionz’3 e/lHz =~ lékBT(LCf
(T is the temperature, L is the SQUID inductance, and C is the junc-
tion capacitance). These improvements have been achieved largely by re-
ducing L and/or C. However, as the level of white noise has been lowered,
the 1/f noise region has extended to progressively higher frequenqies Je)
that the improvements in sénsitivity have not extended to low frequencies.

. N _

For example, the lowest reported noise energy, about 3h at 202kHz, con-

tained a substantial contfibution from 1/f noise at this frequency.4

- Thus, the considerable improvements in-the white noise energy emphasize

the need to understand and, if possible, to reduce the 1/f noise.

The only theory for 1/f noise in Josephson tunnel junctions for
which there is'supporting experimental evidence is the temperature fluc-

. 5 . . . . . .
tuation model,” in which fluctuations in temperature produce fluctuations
in critical current and hence in the voltage across a current-biased
junction. One would expect that 1/f fluctuations in critical current
would, in turn, produce 1/f Voltage noise in dc SQUIDs. There have been

S ‘ C Ay . 6-10
several predictions of 1/f noise in SQUIDs based on this assumption.
In particulér, Ketchen and Jaycox9 found that the 1/f noise in a SQUID
_ - apparently

with 2 pym-diameter tunnel junctions wasAin quite good agreement with the
predictioné of this theory. In this paper we are concerned with two main

% ; ‘
For a recent review, see ref. 1.



questions. First} in_Sec. 2, we address the question of whether or not
the temperature fluctuation model explains adequately the 1/f noise in
single resistively shunted junctions Sf small area. Second, in the major
part of the paper, we are concerned with the question of whether or nof
the l/f noise observed in tunnel junction dc SQUIDs arises from fluctua-
tions in the critical currents of the two junctions or from an alterna-
tive mechanism. In Sec. 3 we outline a theory that relates critical cur-
rent fluctuations to the voltage noise across a SQUID. 1In Sec. 4 we sum-
marize measurements of 1/f noise in five different types of SQUIDs, and
compare the values for two of them with the values expected if the noise
were to arise from critical current fluctuations. Section 5 describes
two measurement techniques for a SQUID in which the bias current and ap-
plied fluxbare modulated with a square wave. These experiments enable
one to distinguish between 1/f noise arising from critical current fluc-
tuations and that afising from fluctuations in flux frbm some other

source. Section 6 contains our conclusions.

2, i/f NOISE IN SINGLE JUNCTIONS

We summarize briefly the temperature fluctuation model for l/f-ﬁoise
in single resistively shunted Josephson junctions and compare its predic-
tions with measurements we have made.

The-model5 assumes that the 1/f noise arises from temperature fluc-
tuations in the junction that produce fluctuations in the critical cur-
rent, Io’ (provided dIo/dT # 0) and hence fluctuations in the voltage, V,
when the junction is biased with a current, I, greater than the critical

current. Using the empirical result of Voss and Clarkell for the spectral



density of the temperature fluctuations we find for the spectral demnsity

of the voltage fluctuations

2
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Here, CV is the heat capacity of a junction with a thickness equal to the
sum of the coherence lengths (£) of the two superconductors, and f is the
frequency. It should be emphasized at this point that there is no theo-

retical justification for the 1/f dependence; furthermore, the factor of

3 in the denominator is very modelvdependent.s’ll

In Table I we list the measured and predicted 1/f critical current

1/f 1/f

I v
o

two types of junctions with very different areas. For convenience, all

fluctuations, S /Ii =5 /Ii(BV/QIO)Z and (kBT2/3CVf)(dIO/IOdT)2; for
spectral densities have been referred to 1Hz. The junction with the lér—
ger afea was fabricated in a crossfstrip configuration, with a disk of
normal metal under the junction providing the fesistive shunt.5 The .1/f
noige was measured_with a SQUID. Ihe sﬁaller junction was defined by a
window in S8i0O, and was fabricated with photolithographic lift-off ;éch—
niques in the configuration described_invref. 12. The 1/f noise was mea-
sured at three_frequencies (70, 106, 183 kHz) using cooled LC-resonant
circuits as voltage amplifiers;12 the 1/f noise has been extrap&lated to
1Hz., 1In both cases, the junctions were sﬁrroundéd by éuperconducting
shields, and cénsiderable care was taken to ensure that the 1/f noise did
not:arise from the measurement techniques.

We see from Table I that the model predicts the noise rather well

for the larger junction. On the other hand, in the case of the smaller



junctions, for which there is a considerable spread in the measured 1/f
noise from juhction to junction, the moaél often predicts a much higher
noise level, in some cases by as much as two orders of magnitude. Thus,
the expected increase in the measured noise as the junction area is re-
duced is not aiways observed. However, this result does not necessarily
imply that the notion of temperature fluctuations producing the 1/f noise
is totally incorrect, but it certainly indicates that the present theory is
too simplistic. Perhaps a theory that describes more appropriately the
effective volume in which the fluctuations occur would agree more closely
with experimental results. For example, if, for the smaller junctiomns,
one were to use the overlap area of the_supercénducting films (about 250

umz) rather than the window area (about 6 umz) in Eq. (2.1), the predicted

1/f lle—l

I
o

siderably closer to the experimental values. Obviously there is no justi~

value of S (le)/Ii would be reduced to about 10~ , which is con-

fication for such a procedure within the framework of the present moédel.
"We also note that the témperature dependence of Si/f predicted by

Eq. (2.1) scales as (dIO/dT)z/T if one assumes that CV is proportional to

T3. In a junction with an anomalous temperature dependence, Clarke‘and

Hawkins5 found ﬁhat the 1/f ndise became extrémely small when dIo/dT be-

came zero. However, the expected temperatﬁre dependence is often not ob-

served ﬁhen junctions are cooled in the liquid He4 temperature range.

Thus, ' for our Pb-alloy junctions, we estimate dIo/IodT to be 0.2

K—l at 4.2K and 0.02 at 1.5K, so that (dIO/dT)Z/T decreases by a factor of

about 35 over this temperature range. But the 1/f noise in PbIn-0x-Pb2, for

example, decreased by only a factor of 2 when the temperature was lowered

from 4.2K to 1.5K. Again, this observation does not necessarily rule out



temperature fluctuations as the source of 1/f noise, but certainly im-
plies that the existing model is incdmpleee. We note also that since the
noise decfeased.as the temperature was lowered, the noise at the higher
temperature could not have arisen from the measurement technique.

To our knowledge there exists only one othef set of 1/f noise mea-
surements on single junetions, namely thoee‘by Kfusin—Elbaum and'Voss13
who measured the 1/f noise in 2.5 ym-diameter Pb-alloy junctions with Ié
= 15-30 pA, R = 4-7 Q, and Bc = ZwIORZC/QO = 0.3-0.7. Although they
found significant deviations from a 1/f slope, the order of magnitude of
the noise was generally quite well predicted by Eq. (2.1) when (dIO/dT)
(BV/BIO)I was replaced with the measured value of_(BV/aT)I.

Clearly,'much remains to be.understood about the origin of 1/f noise
in single junctions. For the momeet, we make use only of the experiment-

ally determined values to predict the 1/f noise in SQUIDs due to critical

current fluctuations.

3. THEORY FOR 1/f NOISE IN SQUIDS FROM CRITICAL CURRENT FLUCTUATIONS
In:the next section, we wish to compare the measured 1/f noise in
two different types of SQUID with.the 1/f noise in single junctione'bf
comparable size fabricated with identical technologies. In this section
ﬁe:develop a model that enables us to predict the noise in e SQUID for
given fiuctuations in the criﬁical current of each of the junctions. This
paper extends the existing modello to the case in which tﬂe SQUID is flux
modulated.

We assume that the SQUID consists of two identical resistively

shunted Josephson junctions of resistance R and average critical current Io ar-



ranged symmetrically on a superconducting loop'of inductance L. The spec-

tral density of the 1/f noise in the critical current of each junction is

1/f

I
o

tically independent. There are two independent modes in which the criti-

S (f); we assume that the fluctﬁations of the two junctions are statis-
cal current fluctuations produce voltage noise. The first is an in-phase
component of the two fluctuations that couples to the voltage via the co-
efficieﬁt (8V/810)I. In the second mode, the critical current fluctuations
are exactly out of phase and produée a fluctuating voltage that is propor-
btional to (BV/Ba)I, where .

._a'= (1

ol " 102)/21_‘0. : (3.1}

v : fluctuating

In Eq. (3.1), Iol(t) and Ioz(t)‘arg theAcritical currents of the two junc—
tions. This voltage arises, roughly speaking, because the odd mode of

the critical current flﬁctuations redistributes the bias current bet&een
the two_jgnctions, thereby producing a current aroﬁnd the SQUID, and hence
a voltage provided V<I> = (BV/BQ)I #=0: It ié’important to realize that

the contributions of these two modes depend on the manner in which the
SQUID is.operéted} If the SQUID is biased at a constant current with a
constant external flux (i.e. thére is no flux ﬁodulatidn), both modes con-
tribute. On the other hand, in the usual technique for’flux—lockéd opera-
tion, the SQUID is biased at a constant current énd flux, a modulating
flux of peak—to—peék amplitude ®0/2-is applied, and the resulting alter-
nating voltage across the SQUID is lock-in”detected at the modulation '
frequency. The'smoothéd odtput from the lock-in detector is fed back to

flux-lock the SQUID. Provided the modulation frequency is higher than

<
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The superscripts + and - refer to the flux states + ®0/4 and - ®0/4; S

(say) ;ol and decreased (say) IO

the 1/f noise frequencies, the in-phase mode of the 1/f noise [K(BV/BIO)I]

- will not be observed. The out-~of-phase mode, however, effectively prbduces

a low frequency flux noise that will be observed, just as for any other

flux change. We give theoretical expressions for each of these two cases.

A SQUID that is flux modulated with a square wave is switched between
the flux states + ®°/4 and -~ ®0/4. The spectral density of the equivalent
flux noise is related to the spectral density of the critical current

fluctuations.via the relation

+ -2
() - @]
1/f o0 I o0 I I0 _
SQ (f) = . — . . (modulated) (3.2)
\VQ - V® ZIO
1/f

I
o

refers to the critical current noise of a single junction.
For a SQUID that is not flux modulated, the spectral density of the

equivalent flux noise due to critical currrent fluctuations is

/£, _ . |/3v 1 (VNP L1/E, o 2 ‘
S £) =% < ) + 12 (Ba)l SIO (f)/V®. (unmodulated) (3.3)
; o .

Equations (3.2) and (3.3) were used for two SQUIDs to predict the

- spectral density of the critical current fluctuations necessary to account

for the observed 1/f noise (see Sec. III B). ‘In performing the calcula-
tions, we used the following procedures. First, to find (BV/Ba)I, we com-—

= 1 ,, increased
02

puted the voltage at a particular bias current for Iol

9 by a small amount (1%), and recomputed
V. The cbmputed change 8V is thus related to a given change Sa. 1In simi-

lar ‘ways, we computed (BV/BIO)I, VQ, and the dynamic reistance of the
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SQUID, RD. .Now in practice, particularly for SQUIDS El and E2, the mea-
sured values of the computed and measured dynamic resistance, R; and Rg
do not always agrée: This discrepancy may berdue'tq our lack of knowledge
of the resistance of the junctions at voltages below the energy gap or to
resonances that are not included in the model calculations. bHowever, the
numerical calculations show that the qﬁantities (BV/BIO)I, (av/aa)I, and
V® all scale rather closely with'RD. Thus, in estimating the magnitudes
of the 1/f noise from Eq. (3.3) for SQUIDs El and E2 we multipled each

of the terms (BV/BIO)I, (BV/Ba)I~and V¢ by the factor Rg/R;.

For both Eqs. (3.2) and (3.3) we can write

- 1/f
Sé/f(f) 57’ () |
=y — , ©(3.4)
o? 12
(o} (o}

where vy is computed from the appropriate measured values of the parame-

1/f

I
o

(f)/@i, and compare this predicted value with experimental values

ters. Thus, we can compute Yy, predict S

1/f
)

(f)/Ii from the measured value

of S

obtained from measurements on single junctions.

4, 1/f NOISE IN FIVE TYPES OF DC SQUID

We héve measured the 1/f noise in the five types of dc SQUIDs shown
in Fig. 1. All five SQUIDs involve resisfively shunted Josephson tﬁnnel
junctions, Nb-0Ox-Pb for A-D, and PbIn-0x-Pb for E. SQUIDs A and E are
described in detail in refs. 14 and 4. SQUIDs A and B were made by de-
positing the films through metal masks while C, D, and E were made with
"photolithographic 1lift-off techniques. The essential parameters and their

measured and predicted white and 1/f noise levels are listed in Table II.
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The measured white noise generally follows the predicted dependence on L

and C, but tends to be somewhat higher in magnitude than expected. It

~should be noted, however, that we could not measure C directly, and that

the estimated values of C could be somewhat in error.
Of the SQUIDs listed, A to D were operated in a flux-locked loop

with flux-modulation. We applied a 100 kHz flux with a peak-to-peak amp-

- litude of ¢0/2 to the SQUID, and amplified the resulting aiternating volt-—

age aérpss the SQUID with a cooled LC resonant circuit or a resonant
transformer. .After further amplification, the signal was lock-in detected
at the modulation frequency and fed back to flux-lock the SQUID. The
spectral'denéity of the noise at the output of the lock-in detector was
measured with a PDP-11 computer. .In this scheme, as pointed out in Sec.
I1I, the measurement is sensitive only to low frequency flux noise in thé
SQUID. Eduation'(3.2).is appropriate fof criticai current fluctuations;
the even mode does not contribute. 1In contrast, we measured the voltage
noise froﬁ SQUID.E without flux modulation by connecting it to a low
noise preamplifier and measuring the Speétral density with the computer.
In this case, both even and_odd modes of the critical current contribute,
and Eq. (3.3) is appropriate. N
Inimaking the measurements, we always enclosed the SQUID in a super-
conducting shield made of lead or niobium. We took considerable care to
ensure that the 1/f noise was not generated by the measurement scheme.
The ievels of 1/f noise in the dc bias current and ac and dc flux modula-
tion curreﬁts were measured separately, and shown to be negligiblef
(Noise in either the bias current or the ac modulation cufrent should not

affect the measuremeﬁt, to first order, when the SQUID is flux modulated
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between the * ®0/4 flux states.)\.We also ensﬁred that the 1/f noise in
the lock-in detector was negligible, by operating it at a sufficiently
high signal level. For SQUIDs El and E2 the equipment and techniques
used were identical to those used for the small area single junctions
listed in Table I. Since the 1/f voltage noise measured in>the single
junctions was far lower than that measured in the SQUIDs, we can exclude
the poséibility that the measurement systemkwaé the source of 1/f noise

in the SQUID measurements.

The measured 1/f noise energy‘at 1Hz, el/f(le)/le, varies from
about 2 x 10—31 JHz‘-l to 3 x 10_28 JHz_l. However, the measured flux
1/f

(lHZ),that,is remarkably constant over

-10 ®2 Hz-l
o

noise has a spectral density, S®

the SQUIDs measured, being always within a factor of 3vof 10
with an average value of about 10"lO @i Hz_l.* Thus, within the quoted
spread.of values, the 1/f flux noise isfindépendent of the SQUID induc-
tance when it is varied by a factor of 500, of the junction area and ca-
pacitance when each is varied by a factor of nearly 3,000, and of the area
of the SQUID loop when it is varied by more than 106.

For SQUIDs A and E we use Eqs. (3.2) and (3.3), respectively, to es-
timate the values of the 1/f critical current noise that would be réquired
to generate the measured l/f flux noise. We can make é meaningful compar-
ison only for these two types of SQUIDs because they incorporate junctions
that closely resemble the two types of single junction listed in Table I.

In Table II we list the value of vy [Eq. (3.4)] computed using the measured

parameters as described in Sec. III. In the last column of Table II we

*We note that for the tunnel junction SQUID of Ketchen and Jaycox (ref. 9)
S%/f(le) ~ 3 x lO_IOVQS/Hz, a value that is quite compatible with our own
results. The apparent agreement of this value with the predictions of the
thermal fluctuation model may be fortuitous. If we assume that the 1/f noise
in these 2 um-diameter junctions is substantially less than that predicted by
Eq. (2.1), as is the case for our own small area junctions, the measured 1/f
flux noise is probably too large to have been generated by critical current
fluctuations.



-we feel that the discrepancies between the requlred values of S
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1/

o
observed flux noise. In the case of the large area junctions (SQUID A)

list the values of S f(f)/Ig that would be necessary to generate the

the required value is an order of magnitude larger than that observed in

the single junction. In the case of the small area junctions (SQUIDs El

~and E2) the required value is a factor of between 1.5 and 500 times greater

than the values observed in the single junctions, depending on which SQUID
is compared with which junction.

These results suggest very strongly that the 1/f flux noise in our
SQUIDs does not arise predominantly from fluctuations in the critical cur-
rent. Although it would have been preferable to have measured the 1/£

noise separately in the actual junctions of which the SQUIDs were made,
1/

o
in the SQUID and the measured values in the single junctions are generally large. -

Fey

" enough for the comparison to be a valid one. 1In the next sectiomn, we

describe a measurement technique that enables one to estimate directly
the contribution of the critical current fluctuations to the total flux

noise in a SQUID.

5. BIAS CURRENT MODULATION SCHEMES

The_results of the previous section suggest strongly that the-bre—
dominant l/f noise in our SQUIDs does not arise from critical current
fluctuations. In thié section we describe two sets of meaéurements on a
SQUID of type D that enables one to distinguish directly betWeed critical

current fluctuations and an apparent flux noise as the source of 1/f

‘noise, without the need to rely on any model calculation.

5.1. Method A: Reversal of Bias Current with Flux Change of ®0/2

The principles of method A are shown in Fig. 2(a). We assume that
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the SQUID is flux-modulated at 100 kHz with a square wave of peak-to-peak

amplitude @m @O/Z. The resulting voltage, V, across the SQUID is amp-

lified by a cooled transformer resonated at 100 kHz with a Q of about 3. v
Thus, the signal at the secondary of the transformer, Vt,'is always ap-
proximately sinusoidal. After amplification, this signal is lock-in de-

tected with a reference voltage, Vr’ and the output, VQ, is smoothed by

a low-pass filter. The bias cgrrent, I is reversed at a frequency Vi

much less than 100 kHz and, at the same time, a flux change of @O/Z is

applied to the SQUID. Thus, ideally, V_ is unchanged by the switching.

¢

The left-hand column of Fig. 2(a) shows the voltage across the SQUID, V,

vs. ®/®o_for this procedure. When I becomes negative, the V=& curve is

simultaneously shifted by @o/zvand reflected about the zero-voltage axis.
Consider first a positive low—frequency fluctuation G<v1)2h1the flux

in the SQUID, 8¢, as indicated by the dashed lines. The 100 kHz-modula-

tion wiil switch the SQUID between the states 1 and 2 for positive I and

3 and 4 for negative I. As a function of time, t, the voltage across the

- SQUID, V, will appear as indicated in Fig. 2(a); transient voltages that

occur when I is switched have been suppressed in this figure. When the

signal passes through the tuned‘fransformer, the voltage Vt will céﬁéist

of the fundamental frequency; again, switching transients have been ne-

glected. Finally, this signal is lock-in detected by multiplying with | -

the reference voltage, Vr' The voltage at the output of the lock-in, VQ,

W
consists of a series of negative-going peaks for both polarities of the
bias current. When this voltage is averaged over a time large compared

with l/vI, there will be a negative signal from the lock-in detector.

Thus, the system responds to the flux fluctuation in the same way as for
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the usual 100 kHz-modulation scheme without the low-frequency switching
of bias cﬁrrent and flux.

Consider now a flux fluctuation arising froﬁ fluctuations in critical
current, 8o [see Fig. 2(a)]. We emphasize that only the components of
critical current change producing a flux change are detected in this

scheme. Because this flux reverses sign when the bias current is reversed,

the V-¢ curves will be displaced in opposite directions. 1In this case,
the voltage that appears across the SQUID when I is negative is shifted
by one—half cycle compared wifh the case of an external flux fluctuation.
Thus, when the voltage across the transformer is lock-in detected, the
voltagé'at the output of the lock-in reverses sign each time I is‘reversed.

The average of the output over periods long compared with 1/v_ is zero:

I
This scheme does not respond to fluctuations in»flux arisiﬁg from fluctua-
tions in critical current,

We turn now to‘the practical realization of this technique. The ma-
jor éxperimental difficulty is that the measurement must be performed in
such a way that the undesirable effeqts arising from the inevitable asym-
metries in junction parameters such as critical currents and shunt resist-
ances are properly compensated. The circuit we have used is shownriﬁ Fig.
3. The SQUID is flux-modulated with a 100 kHz-square wave having a peak-
to-peak amplitude ¢°/2, and the voltage across the SQUID is lock-in detected
in the uéual way. - The SQUID forms one arm of a bridge driven with 1 kHz-
équare wave; the squarébwave also applies a flux to the SQUID. Two cooled
1 kQ-resistors togéther with the cable capacitance form low pass filters

to reduce the level of high frequency noise reaching the junction. The

bridge was intended to serve two purposes: First, it reduced the effects
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of any 1/f noise présent in the squére wave, Second, it reduced the
level of the transients at the input of the preamplifier, thereby enabling
us to use more ac gain before the lock;in detéctor. The output from the
bridge was amplified with a cooled, resonant transformer so that the 100
kHz input to the preamplifier was nearly sinusoidal.

The operating procedure is as follows. We first balance the bridge
to minimize the 1 kHz-switching transients, and adjust the level of the
1 kHz-bias current to give the maximum value of V®. We then optimize the
1 kHz-flux amplitude by setting the dc flux in the SQUID to (2n + l)®0/4,
and examining the output of the lock-in detector. When the bridge is
balanced and the amplitudes of the 1 kHz-current through the SQUID and
the modulatioh coil are pro?erly'adjusted, the output from the lock-in
should be identital to the case in which the 1 kHz-modulation is absent
and the SQUID is flux-modulated in the conventional way. (This signal,
Vl’ is illustrated in the sixth line of the right-hand column of Fig.
2(a).) To make the final adjustments,'we Cﬁange the dc flux in the SQUID
to n@O/Z so that the output from the.lock—in is zero, and monitor this
output as the ampiitude ofbthe 1 kHz-oscillator is varied slightly. The
various potentiometer settings are re-adjusted, if necessary, to etsure
zero response to this variation. It should be noted thét at the end of
- this procedure the SQUID is not necessarily biased at the maximum value
of V®, so that the white noise performance may be degraded.

Figure 4 shows the spectral density of the flux noise measured at
4.2K and 1.6K with ¢ = n®0/2. For comparison, we also plot the noise
measuréd in the conventional way, that is, with the 1 kHz-oscillator dis-

connected, and the SQUID biased with a steady current; the 100 kHz-flux
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modulation is as before. We see immediately that the 1/f noise has not’
been feduced by method A. The increase in the white noise with method A

was due to the fact that V, was no longer maximized, as noted earlier.

o]
The fact that the 1/f noise is lower at 1.6K than at 4.2 demonstrates

that at 4.2K the measurement scheme itself did not contribute a signifi-

cant amount of 1/f noise. Thus, we conclude that the predominant 1/f

‘noise does arise not from critical current fluctuations but rather from

an apparent flux fluctuation.

We also tried a variation.ofvthe preceding'experimental-technique
in which the 1 kHz-modulation is replaced with a 50 kHz-square wave tﬁat
is synchronous with the 100 kHz-modulation flux. The 50 kHz—siénal
switched at precisely the same moment as the 100-kHz signal. The results
with this commensurate switching were exactly the same as with the earlier,
incommensuréte switching at 1 kHz. Indeed, we were able to flux-lock the
SQUID with this procedure, again obtainiﬁg the same 1/f noise as with the
conventional measurement technique using é dc current bias. These two
experiments, incidentally, served to check that the various gains in the

unlocked method of measuring 1/f noise had been correctly established.

5.2. Method B: Reversal of Bias Current

Figure 2(b) shows the alternative scheme in which I is periodically
reversed but no corresponding flux change is applied to the SQUID. fhe
average of V® over many current reversalé,v<V®>, is then zero. The cor-
responding V-9 cufves for Positive and negative bias currents are shown
;n the right-hand colurm of Fig. 2(b), while the time-dependent voltages

appear in the left-hand column. For the case of a fluctuation in external
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flux, when I is negative the voltage across the SQUID changes phase by
m relative to the reference signal. Thus, the time-averaged output from
the lock-i;igero, as expected for the case when <V®> = 0, On the other .
hand, for a flﬁctuation in flux arising from a fluctuation in critical
current (lower figure of the right-hand column of Fig. 2(b)) the voltage
across the SQUID remains in phase with the reference sigﬁal when I is re-
versed. Thus the time-averaged signal from the lock-in is non—zerd. We
see that the effects of the fluctuations 8¢ and 8o are just reversed in
method B compared with method A.

The experimental scheme used is again that in Fig. 3. The 1 kHz-
flux modulation (which would be zero if the SQUID were perfectly symmetri-

cal) is adjusted to give the output from the lock-in detector, V shown

2
in liné 6 of the left-hand column of Fig. 2(b). The various potentiome-

ters are adjusted with ¢ = n@o/Z so that the response to a low-frequency

flux (€1 kHz) applied to the SQUID is zero; thus, we have achieved tﬁe
condition <V®> = 0., The resulting measured spectral density of the flux

noise for ¢ = n@o/Z is shown in Fig. 5, compared witﬁ that obtained by

method A. Also shown is the 1/f noise measured at the output of the lock-

in detector when the SQUID is flux-modulated at 100 kHz aﬁd the biéé'cur—

rent is kept constant; -‘as expected,'this measurement agrees with method

A. We observe that method B reduces the 1/f noise by about one order of ~
magnitude. This observation is a direct demonstration that the predomin-

ant 1/f noise is generated by an apparent flux noise that is unconnected Y
with fluctuations in the criﬁical current. Furthermore, the fact that

it is possible to reduce the 1/f noise once again demonstrates that the

original level of 1/f noise did not arise from our measurement technique.
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6. CONCLUSIONS AND DISCUSSION

From our measurements in Sec. 2, we conclude that the thermal fluc-

- tuation model for 1/f noise significantly overestimates the 1/f noise in

“our single, resistively shunted PbIn-0x-Pb Josephson tunnel junctions

with areas of about 6 umz. On the other hand, as reported previously,

the model predicts rather well the 1/f noise in Nb-Ox-Pb tunnel junctions
with large areas. We emphasize that the level of measured i/f noise may
depend critically on the eXact»fabrication procedure followed, and one
should not necessarily apply these conclusions to tunnel junctions made
elsewhere.

The measurements in Sec. &4 suggest strongly that the observed 1/f
voltage in our SQUIDs is substaptially greater than that prediéted from
measurements of the critical current fluctuations in single junctions
fabricated in a similar way. This.observation implies that fhere is an
additional source of 1/f noise. The measurements made in Sec. 5, where
twovdifferent modulation schemes were used,vdemonstrate that this addi-
tional mechanism canbbe regarded as an apparent flux noise. The modula-

tion methods do not depend on any model to relate critical current fluctu-

ations to voltage fluctuations. Critical current fluctuations with a 1/f

noise will, of course, make a contribution to the total 1/f voltage noise,
but this contribution is clearly small. Two obvious possible sources of the
apparent flux noise are the SQUID itself or the superconducting shield

enclosing the SQUID. 1In fact, the possibility that the shield produces

.a magnetic field noise, for example, from the motion of trapped flux

lines, seems rather remote. SQUIDs with .areas ranging over 6 orders of

magnitude all showed approximately the same flux noise, implying that the
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external magnetic field noise would have to vary . so as to compensate for
the variation in the area of the SQUIDs. This variation is most implaus-
ible. Thus, we are led to suspect.that the origin of the flux noise lies »
“in the SQUID itself, conceivably from the motion of trapped flux. .How-
ever, there ié no model to explain why the power spectrum varies‘as 1/f.

We cannot emphasize too strongly that the observations we have made and

the conclusions we have drawn apply only to the type of thin-film tunnel-
junction devices that we have studied. 1In other types of SQUID, for ex-
ample, thin-film devices incorporating microbridges or machined Nb devices
incorporating point contacts, it is quite possible that critical current
fluctuations could‘be the dominant source of 1/f noise, either because

the junctioﬁs-exhibit more 1/f noise than tunnel junctions or because the
material or geometry used in the SQUID has less 1/f noise than is tﬁe'

case for our SQUIDs. Thus; one should not_extrapolate our results to rad-
ically different types of SQUID, but must investigate each type separately.

The fact that Sé/

f(f) is roughly constant from SQUID to SQUID, rather
than proportional to 1/C as predicted by a model in which thé noise is
produced by critical current fluctuations arising from temperature fluctu- '
ations, changes one's philosophy in minimizing the 1/f noise_energf of

SQUIDs. In so far as the notion of Sé/

f(f) being a constant is valid, it

is clear that one should make L as large as possible, in order to minimize ~

1/f _ W/f . .

e " (f)/1Hz = S® (1Hz)/2L. Now to approach the quantum noise limit of
, ) 4 15 . -24 ¥

SQUIDs in the He range, it is necessary to reduce LC to less than 10

HF. In the most sensitive SQUID yet reported4'(El of Table II) this

goal was achieved by reducing L to about 2 pH. Clearly, the use of such

a low inductance is undesirable if one wishes to minimize the 1/f noise energy.
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In principle, one could increése L and decrease C, keeping théir‘product
constant, so as to maintain a very low level of white noise and to reduce
the 1/f noise. In practice, very large reductions in C may not be easy.
FOr‘example, if one increased the inductance df SQUID El1 by three orders
of magnitude to 2 nH, one would have to decrease C to about 0.3 fF, cor-
responding to a junction area of less than 10_2 umz, assuming that parasi-
tic capaciténces were negligible. An alternative means of achieving quan-
tum limited_performance in the white noise region and a low level of 1/f
noise with a more reasonablevvalue of junction capacitance may be to cool
the‘SQUID to millidegree temperatures. In that case, there may be heating
problems due to dissipation in the shunt resistors; furthermore, the tem-
perature dependence of the 1/f noise at low temperatures is not knéwn.

A final possibility for reducing the 1/f noise in SQUIDs is,'df course,

that one may eventually understand the mechanism respgnsible, and take

appropriate steps to reduce its magnitude. An investigation of the origin

of the apparent flux noise is of high priority.
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TABLE I

Spectral Density at 1Hz of 1/f Noise in Critical Current of Two Sets of
Resistively Shunted Junctions at 4.2K '

Measured Predicteda
Type = Area 'Io . dIO/IOdT Si/f(lﬂz)/li s%/f(lﬂz)/li-
Gnd) @ ®h @ “wh
Nb-0x-Pb> 2.3 x 164 3.4 . 0.24 5 x 107t 0.8 x 10710
PbIn-0x-Pbl® 6 0.32  0.16 <2x100  3x 10710
PbIn-0x-Pb2 6 0.51  0.16 4 x 107H 3 x 10710
PbIn-0x-~Pb3 6 0.36  0.16 < 4 x 10712 3 x 10710
PbIn-Ox-Pbé 6 1.28  .0.16 < 2 x 1071 3 x 10710

aThe following parameteﬁs were used (see ref. 5):

G, (Nb) = 2.5 x 1071 7t um'3

, C (Pb) = 8 x 100" JK Coum ,
E(Nb) = 50 nm, £(Pb) = 80 nm.
bFrom Fig. 2 of ref. 5.

“The PbIn-0x-Pb junctions are those described in ref. 12.



TABLE II

Measured and Predicted White and 1/f Noise for, Five SQUIDs at 4.2K

|
!
i

i

' ' ' 1/ £ !
Type Substrate Flux Junction Loop SQUID . Junction ew/1Hz e¥/1nz € / (1Hz)/1Hz si/f(lﬂz) Y S}/ (1Hz)/I2
modulated area area inductance capacitance® measured . predictedf measured ‘measured rgdictedé e

and flux (m?)  (am?) (nR) P (3uz"1) (JHz"1) (Juz-1) (02nz"1) P Ly |

locked : - : f

A®  fused Yes  1.1x10* p) 1 880 3 x 10730 0.9x1073% 2x 1073 1 x107%% 0.09 1110710

quartz i

B glass Yes 10% 0.25 1.2 8 2x1070 gex10M 2 x1073 1 k070 - !

. _ - - - |

C  glass - Yes 102 0.25 T 8 o x 1079 0.8 x 107 6 x 107N 15 x20710 - |

D s1 Yes 6 ©0.04 0.4 0.5 5x10732 0 13x10%2 110730 2x20710 - i

. _ !

v _ _ . age _ _ _ o

El®  glass No 6 6x10°1.9x10 03 (3.653.0) x107 3x107 3x108 310710 0.25 12x10710

_ - : —34€ - - _ R

2 glass No 6 6x10°2.5x102 0.3 (2.7:0.6) x107*% 3x 1073 3x102 4«10 0.15 3x10710

a ' :

ref. 14, :

b

ref. 4, SQUIﬁs'A and B.

®We assume C = 0.08 and 0.04 pF/um2 for Nb-based and Pb-based junctions, respectively.

This SQUID had a low critical current, and, consequently, an inferior white noise performance.

eThe measured noise was never white: The estimated 1/f noise has ‘been subtracted from the total noise.
flﬁkn’l‘(LC)!5 for A-D; see ref. 15 for E.

8¥rom Eq. (3.2) or (3.3).

|
!
|

|
H
|
!
i
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Five types of SQUID listed in Table II; (a), (b), (c), (d), and (e)
are types A, B, C, D, agd-E, respectively.

(a) Principles of method A, in which .the bias current is reversed
and, simultaneously, the flpx applied to the SQUID is changed.by
Ao = @0/2. The left=-hand column»(solid lines) shows the V-¢
curves, while the”dashed lines indicate the effect of an externmal
flux change 8¢ (upper) and”a flux change due to a change in the
criticél current asymmetry Sa (lower). The right-hand column
shows as a function of time,; t, (top to bottom) the 100 kHz~flux
modulation, §m, the biasjcurrent,l,.thé 100 kHz-reference used to
lock—in.detect the signal from the SQUID, Vr; the next three
lines are for the case 8%, and show the voltage across the SQUID,
V, the voltage across the tuned transformer,AVt, and the output

of the lock-in detector, V the last three lines show the same

Q;
voltages for the case do., Method B, in which the bias current

is reversed, with A@m = (0 is shown'in (b); the notatiqn is as for
(a).

Measurement circuit for bias current modulation methods. The
cryogenic components are enclosed in the dashed box. The primary
and'secondary inductances of the transformer are 17 uH and 2;3 mH,
and the tuning capacitor across the secondary coil is 1.2 nF.
Spectrai density of flux noise for a SQUIb of type D at 4.2K and
1.6K using method A with ¢ = n@kJZ. Also shown for comparison is
the noise measured at 4.2K and 1;6K in fhe conventional flux-

locked mode.

Spectral density of flux noise for a SQUID of type D at 4.2K with
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¢ = n®0/2 using methods A (dashed curve) and B (dotted curve).

Also shown for comparison is the noise as measured at the output

of the lock-in detector when the SQUID is biased with a constant

current and flux-moduléted'at 100 kHz (solid curve);
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