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LOW FREQUENCY NOISE IN TIN AND LEAD FILMS
AT THE SUPERCONDUCTING TRANSITION ¥

John Clarke and Thomas Y. Hsiang
Department of Physics, University of California, and

Materials and Molecular Research Division,
Lawrence Berkeley Laboratory, Berkeley, California 94720

ABSTRACT

We have measured the noise power spectra Sv(f) of tin and lead
films at the superconducting transition in the fréquency range
0.1Hz to S5kHz. Two types of samples were made: Type A were eva-
porated directly onto glass substrates, while typé B were evaporated
onto glass and sapphire substrates with a 50A aluminum under-
lay. Forvtype A samples the spectré had a slope close to -1 and
were proportional to VQBZ/Q, where V was the mean voltage across the
sample, B was the temperature coefficient of resistance, aﬁd 9] wés
the sample volume. For type A tin samples, the noise in two regions
a distance d apart was correlatedvat frequencies < D/ﬂdz, These
results are consistent with the thermal diffusioﬁ model of Clarke and
Voss. _The magnitude of the noise in type A tin samples was accurately
predicted by the semi-empirical formulé SV(f)QVZSZkBTZ/CV[3+21n(£1/12)]
where ll and 22 are the length‘and width of.theAfilm; for lead éamples,

this formula overestimates the observed noise by a factor of 5.
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As the magnetic field perpendicular to the tin films was increased
from zero to about 2G, B was reduced by about a faét6r>of,5, and SV(f)
was found to be proportional to 8?. The spectra of type B films were
markedly different from those of type A films. In the case of the
tin samples, the spectra became flat below about 30Hz. The degree of
Spafial correlation of the noise was mérkedly reduced. In the case
of the lead films, the slope of the spectra was‘reducéd from about
~1.1 for type A to about -0.8 for type B. These changes are ascribed
to the enhancement of the thermal contact betwéen the films and the
éubstrate by fhé aluminum underlay. Separate experiemnts confirmed
that the underlay decreased the thermal bouhdary‘resiétance between
the film and the substraﬁe. Implications of this work for device

applications are briefly discussed.
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. 1. INTRODUCTION
A model involving eﬁuilibrium temperature fluctuations has been used

’

bf Voss anid Clarke to quantitatively predict the 1/f voltage noise ob-
served in metal films at room temperature. The temperature fluctuations
generate resistance fluctuations:if the temperature cdefficient of re-
sistance, B = (l/R)dR/dT, is non-zero. In the presence of a steady current
the resistance fluctuations in turn give rise to voltage fluctuations. In
this paper, we report measurements of 1/f noise in tin and lead films at
the superconducting transitién. These measurements provide strong additional
evidence to suppért'the thermal fluctuation model3.

There are few reported measurements of loﬁ frequency noise at the
superconducting transition when the applied magnetic field and currént
are sufficiently low that the transition temperéture is not significantly
suppressed from its zero field value. Maul, Strandberg, and Kyﬁl4 found
excess noise at the superconducting transition of tin films, but did not -
demonstrate explicitly that the power.spectrum was 1/f at low frequéhcieé.
Théy analysed their results using a modél in which equilibrium tempera-
ture fluctuations of the film gave rise to resistance fluctuations. They
assﬁmed that the temperature of the film was uniform at any instant of
* time, and that the substrate was a constant temperature reservoir. In this
- model the decay of a fluctuation was exponentiai, characterized by a single
‘relaxation time, and the power spectrum was a Lorentzian. The voltage
power spectrum was shown experimentally to be proportional to (dR/dT)ZI% where
I was the current flowing in the film. Katz and Roée? showed that the low

frequency noise at the transition of tin films had a 1/f power spectrum,
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but they did not propose a mechanism for this behavior.

There have been extensive measurements of low frequeﬁcy noise generated
by flux flow in superconducting films and foils6—16.’ Most of these measure-
‘ments were made in the presence of high magnetic fields and/or currents
and at temperatures well below the zero field transition temperature. The
samples were therefore in an intermediate state (Type I superconductors)
or a mixed state (Type II superconductors) in which flux motion was in-
duced by'the curreﬁt. In our own measurements, the low frequency noise
is dominated by the thermal fluctuation mechaniém, We shall compare the
resuits expected from ghe flux flow and thermél mechaﬁisms in Section VII.

| In Section Ii we briefly review the theory rélevant to our measure-
ments, and in Section IIT we describe the experimental apparatus and

techniques. Sections IV to VI contain the experimental results. A

discussion of these results and our conclusions appear in Section VIT.



-5- " LBL-4535
II. THEORETICAL CONSIDERATIONS

We briefly review the essential features of the theory of 1/f noise
proéosed by Voss and Clarke}’2 They suggest that 1/f noise in metal films
érises from équilibrium temperature fluctuations that modulate the re-
sisfance of the film, and thus generate voltage fluﬁtuations in the
preéence of a steady current. Consider a model system in which a rectangular
metal bar of dimensions 21,22,23(21222 23) is buried in a infinite medium
‘that is an electrical insulator. The metal and the insulator are assumed
to have the same thermal diffusivity, D, and to have ﬁo.thermal boundary
resistance. We define a local temperature T(I’ t) in an element of volume
as the average energy divided by the heat capacity._ In.the original theory
it was assumed that T(;,t) obeys a diffusion equation driven by a random
energy flux. The resulting temperature fluctuations are spatially un-
correlated, that is, <AT(£f§,t)AT*Q£,t) >« §(s). One can then calculate the
frequenéy—dependent correlation function cT(§,w)EﬁT(£+§,w)T*(£’w)>:

—|s|/X

(3)(3 w) =« |s|” cos([sl/l)e (2.1)

where A = (2D/}u))l/2 is the frequeﬁcy depehdent correlation length. For

a one—dimensional_system, that is, an infinitely long isolated rod in

which heat flows only along the rod,

o (L) -1/2

(s,w) = w —Iﬁl/k.

cos[ (m/4) +.|§J/X]e (2.2)
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The spatial correlation of the noise at low frequencies implied by
Egqs. (2.1) and (2.2) was observed experimentally.
The spatially averaged temperature of the bar fluctuates with a power

spectrum

const. - w<w1

In(const./w) wi<w<w2 _
S.(w) « . (2.3)
T w—l/z w2<w<w3

W 3/2 0,

The spectrum has changes of slope near the characteristic frequencies of
the bar, wi'= D/22§. The .spectrum does not contain an explicit 1/f region.
Howevgr, in the experimental systems studied, the assumptions ofvthermal
homogeneity are far from realistic and the spectfum is expected to deviate
froﬁ Eq. (2.3). Voss and Clarkel’2 proposed that Eq. (2.3) should be re-

placed with a semi4empirical model spectrum in which ST(w)d const. for

3/2 for w2<m. This aséumption
o«

together with the normalization condition <(AT)2> = kBTz/CV = ST(w)dw
-] .

-1 -
w<wl, ST(w) « @ = for wl<m<w2, and ST(w) < W

2 .
yields the result ST(w) = kBT /CV[3 + 2 ln(lz/ll)]f for w1<m<w2, where CV

ié the heat capacity of the bar.

In ;he frequency range w<w2 we have A(w) = (D/Zw)l/;>£2>%3, so that
the temperature is uniform over the cross section of the bar. 1In this |
limit, a steady current flowing along the bar generates a voltage that

fluctuates.with a power spectrum SV(f) ='VQBZST(f),'where V is the mean

voltage across the bar. The predicted power spectrum for the voltage
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fluctuations is

2. .2
SV(f) B kBT

) . (2.4)
VQ CV[3+21n(21/22)]f

-Voss and Clarke2 further demonstrated that an explicit 1/f spectrum
was predicted by a model in which the tempetature fluctuations were
* -
correlated, with <AT(r+g,t)AT (r,t)> « L§| 1. The predicted spectrum

1/2 ‘ -1 e -3/2
for w<u1, ST(w) a for wféﬂﬁuz, ST(w) « for

was sT(m) « wf
w2<w<w3, and ST(w) « w-z for wj<w. The magnitude of the 1/f region
differed from Eq. (2.4) only by a factor close to unity. The frequency-

dependent correlation function in three dimensions becomes

¢ s, w = BN ginqglimy. (2.5)
w1/2 s|/A

In both model calculations, it was assumed thatvthe subvolume and its
surrounding medium had the same values of D énd were separated by a
negligible thermal boundary resistance. It is difficult to quantitatively
éSsess the effect of a finite boundary resistance and of a discdntinuity
. in D.17 One can show, however, that if the film is strongly thermally
\coupled to a substrate of much higher diffusivity phe spectrum at low
frequencies will be flatter than if the film is weakly coupled and/or
if the substrate has a low thermal diffusivity.

The observed spectra in ﬁetal films were always close to 1/f down

3

- to the lowest frequency measured, typically 10 "Hz. This'frequency is

two orders of magnitude below fl for typical samples. Nevertheless,
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Eq. (2.L4) quantitatively prédicted the magnitude of the
noise over the entire frequency range. It should be noted that the
.magnitude of Eq. (2.4) is very insensitive to the value of fl = D/4ﬂli:
If fl is decreased by several orders of magnitude, the effect on
Sv(f) is insignificant.
It was not possible to test in detail the dependence of Eq. (2.4)
on B, sample volume (), and temperature by studying the room temperature
samples. The purpose of the present paper is to report a detailed study
of 1/f noise at the superconducting transition of tin and lead, and
to show that Sv(f) depends on v, B,'Q, and T as predicted by Eq. (2.4).
We aléo éhow the effects on the power spectrumof varying the thermal
coupling to the substrate. | |
The fact thaf the superconducting transition is smeared out in tempera-
ture is a consequence of fluctuations in the order parameter. A recent
revie& of the microscopic fluctuation theories and of their experimental
verification has been given by Tinkham.16 These fiuctuations occur on
a time scale that is extremely short compared witﬁ‘the times of.ipterest
in the present work. We are concerned only with the resultant average
shape of the transition curve, and the relatively slow thermal fluctuations
that take place due to the exchange of energy between the superconductor
"and its substrate.
In order to.apply Eq. (2.4) to our results, we require a value for

the heat capacity of the film, C,. As the temperature of the film is

\)
lowered through the superconducting transition there is an increase in

the electronic heat capacity that we assume to be smeared out in a way

that reflects the shape of the resistive transition. Thus as energy is
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exchanged between the film and the substrate, the heat capacity of the
film and the substrate, the heat capacity of the film fluctuates.

Howevef, it may be shownlsthat the correction introduced is of order
2.1/2 ‘ ’
> / /8T, where 8T is the width of the transition. For our samples,

7K and 8T ~ 3mK, so that the correction is of order 10_4,

<(aT)

.2>1/2 . 10_

<(AT)
and négligible compared with other errors in the measurements. Since
most of our measurements were made with the films near the mid-point
"of the tramsition, we shall take as the heat capacityuthe sum of the

phonon heat capacity at T, and the average of the superconducting and

C
normal electronic heat capacities just below and just above the transition.
III. EXPERIMENTAL PROCEDURES
A. Film Preparation and the Cryostat
Tin. and lead films, typically 1000A thick, Qere evaporated at about
5 x 10 —SvTorr onto glass slides or single crystal c-cut sapphife plates
at room temperature. These will be referred to as type A samples. Other
samples (type B) were prepared with a 50A aluminUm.film deposited on
the substrate prior to the tin or lead evaporation. A period of about
1l min elapsed between the completion of the aiﬁminum deposition and the
beginning of the tin or lead evaporation, so that the aluminum was
largely oxidized. Type A and type B films had comparable resistivity ratios

(55 for tin and .30 for lead), superconducting transition temperatures

(~3.8K for tin and ~T7.2K for lead), and transition widths ( ~3mK for tin
and ~30mK for lead).
The films were cut with a diamond point into the geometry shown in

the inset of Fig. 4, with separate current and voltage leads. (Films with

cut edges tend to have much sharper transition temperatures than those
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with the tapered edges left by evaporation through a narrow'mask.lg)

Mapganin wires were attached to the films with cold-pressed indium.
The reverse side of the substrate was greased with Apiezon-N grease,
énd the substrate clamped to a copper plate. A 68 Allen Bradley
carbon resistor, used as thermometer, and a non-inductively wound heater
were glued to the reverse side of the copper plate. The plate was
supportéd by a stainless steel rod, and the whole assembly mounted in
a vacuum can. The can was immersed in liquid Heliuﬁ whose temperature
was stabilized by a mechanical manostat to *100pyK. The temperature
of the copper plate could be raised above that of the bath by the heater.
The thermal time-constant of the copper plate was about 75 sec. A super-
coﬁducting solenoid wound around the can was used in some experiments
to produce a persistent magnetic field ﬁerpendicular to the plane of
the film. The cryostat was surrounded by two concentric p-metal cylindérs
thét reducéd_the ambient magnetic field in the can to about iOmG. The
complete cryostat was placed in a shielded room that effectively
eliminated rf pick-up.:
B. Measurement Techniques

A steadyvﬁurrent-was supplied to'.the sample from a mercury battery
in series with a large wire-wound resistor. Tﬁe fluctuating.voltage ‘
across the sample was amplified by a room-temperature transformer
wiﬁh a turns ratio of 100:1 (PAR-190 beldwlloo‘Hz and Triad JZ-5 above
100 Hz) dc coupled to a battery operated PAR-113 preamplifier inside the

shielded room. The overall gain of the system was calibrated with an ac

signal of variable frequency and a white noise source for each sample
resistance. The output s
e frbm the preamplifier was filtered and Fourier- analyzed by a PDP-11 computer

using a Fast Fourier Transform. The preamplifier noise was subtracted
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out from each measured spectrum.
C. Spurious Noise Sources

There are several sources of extraneous noise: a) 60 Hz pick-up:

"A 60 Hz signal was observed in most measurements as an easily recognizable
peak in the spectrum that could be subtracted out.

b) Current supply noise: The noise in the dc current supplied to

~ the sample was investigated by taking a noise spectrum with the sample
in the normal state: The noise was indistinguishable from that obtained
with the current turned off. This noise source was thus insignificant.

¢) Non-equilibrium fluctuations in the temperature of the substrate:

Slow drifts in the temperature of the helium bath and the heater current
induced low frequency fluctuations in the tempereture of the copper plate.
We investigated these fluctuations by measuring‘the 1/f noise in a film
whose area was about 100 times greater ;han that of our typical size
vsamples. ‘Above about 0.1 Hz, SV(f)lvgwas about 100 times smaller for
the larger sample than for the typical sample, as predicted by Eq. (2.4).
If the noise had origiﬁated from'fluctuetiens in the temperature of the
.copper plate, the measured spectrum wodld have been independent of sample
volume. As the frequency was lowered below 0.1Hz, the power spectra of
the two filme approached each other, and tﬁeir slope steepened. (With
our measuring technique, a linear change of voltage with time produces
a l/f2 power.spectrum.) |

We concluded that temperature fluctuations in the substrate were
significant at or below 0.1Hz, while at or abo#e 0.1Hz, the measured

noise for our typical sample size was dominated by intrinsic equilibrium
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'fluctuatiens in the film. We generally regarded our ﬁeasured spectra
to be reliable down to about 1Hz.

(d) Microphonic noise: Vibration of the croystat could induce

a substantial amount of noise. The effects were minimized by rigidly
mounting : the sample and can, and by taking care not to disturb the
cryostat during measurements.

(e) Preamplifier noise: At frequencies above 1Hz preamplifier

noise was usually the dominant background noise source. The noise was
measured by switching off the dc bias supply or by having the sample in
the normal or superconducting state with the biaé current switched on.
The preamplifier noise spectrum was meesufed immediately after the power
spectrum of each sample was measured, and subfraeted out. The pre-
amplifier powef spectrum was typically 1 to 5 orders of megnitude below'
the sample power spectrum. For a combined sample and lead resistance
-18V2[Hz—1

of 22Q, the noise was typically 5x10 referred to the input of the

transformer.
IV. THERMAL COUPLING OF TYPES A AND B FILMS

Befote describing the measured noise spectra, it is coﬁvenient to
discuss the thermal coupling between the films and the substrates with
and without an aluminum underley. The original'motivatien for preparing
type B eamples was as follows. In an attempt to investigate the effect
of the substrate properties on the noise spectrum we prepared Type A
tin samples on single crystal eapphire plates whose thermal diffusivity
was several orders of magnitude higher than that of glass. We found that

the film was very poorly anchored to the sapphire, and could easily be
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removed. Ih order to improve the bonding of-;he film to the substrate
we predeposited a 50A layer of aluminum. This layer greatly enhanced
the bonding. We briefly Aescribe two mefhods by which we qualitatively
inVestigated the effect of the underlay on thé thermal contact of the
films to the substrate. |

At Sufficiently high bias currents all of our samples became un-
stable due tovselffheating effects, and could not be maintained at
the superconducting transition. Low frequency instabilities set in
when BP becomes comparable withbthe thermél conductance“between the film
and the substratezc, where P is the powerbdissipated in the film. For
type A tin samples of size 2.5mm x 15um x 1000A an& with B ~'150K'_1 thermal
instability occurred with a glass substrate a;va'power dissipation of
order 1uW. -This power is at ieast an order of magnitqde greater than the
power dissipated in any of the noise measurementé,during which the sampleé
had no tendency to become unstalbe. Type A lead samples on glaS§ sub-
strates of comparable size and with B ~ 301(”1 became thermally unstable
at a‘power‘level of around 4uW. Sinée Bsn‘~ Spr, these results tend
to suggest that the thermal coupling of tin and lead films to glass
substrate is of the same order. Type A tin samples on sapphire substrates
were éubject to thermal runaway at relatively low power dissipation |
(€1uW), indicating a poof thermal contact with sapphire. For type B
samples of the same size, thermal instability occurred at typically

tin films and LW for
10uW for ead films for both glass and sapphire substrates. Tt

appears that the aluminum underlay greatly enhances the thermal contact
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of tin to glass and sapphire, but has relatively little effect on lead
deposited on glass. |
We obtained another measure of the effective thermal conductance

between film andvsubstrate as follows. With the temperature in the
transition range, the voltage across‘the film generated by a given Bias
current wés.meaéured. The value of the current was then changed, and the
voltage remeasured when the sample had again reachéd a steady state.
The change in the temperature of the film was deduced from the change
in its resistance. We then calculated an.effective thermal conductif
vity (Ke) from the change in temperature resulting from a.gi&en change
in power dissipation. For tin samples of sizeIZ.Sﬁﬁ x 15um x 1000A on
glass substrates we find for type A Ke = 1.5uWK_1 (~ .l;OuWI(-l for 1mm2),
while for type B, K, = 12uWK—1. For lead films_of"size 25mm x 20um x 1200A
on glass substrates we find for type A K, = 6uWK-1 (- IZOUWK_l for.
1mm2) while for type B K, = 12uWK-1. These results confirm that the
aluminum underlay greatly enhances the thermal contact between tin films
.and a glass substrate, but has relatively little effect on lead films.
It is far from clear what "effective" thermal'conductivity'is meésufed
by this technique. When power is dissipated in the film, a temperature
gradient is establiéhed in the substrate in the vicinity of the film.
Consequentiy, the measured thermal conductivity cannot be interpreted as
the ratio of the power dissipation to the temperature difference between
the film ana a coﬁstant temperature substrate.

We believe that the aluminum underlay enhances the thermal contact
by improving the bonding of the films to the substrate. Tt is known that

‘aluminumgl adheres strongly to glass whereas tin22 does not. As
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mentioned in Section 111 the aluminum film is ceftainly partially
‘oxidized; and it is known that an oxide layer can greatly enhance the

bonding of a metal film to glas522_24

. As evidence for our hypothesis,
in Fig. 1 we show scanning electron_mic;ographs of A and B tin films
on the same glass substrate. In Fig. 1(A), the tyﬁe A film shoﬁs con-
siderable clumpingof the tin, while in Fig..l(B), the tin grains are
much more uniformly nucleated. It is thereforellikely that the effective
contact area between film and substrate is substantially higher in
type B samples than in typevA.

The fact that the transmission probability of phonon from a film
to its substraté depends strongly on the nature of the films prébably also
plaYS a réle in the reduction of the thermal contéct résistance by the
aiuminum underlay; Thé fraction25 of ballistic phonons ;ransmitted
from an aiuminum film to a glass substrate is about 0.8, while the
- fraction for a tin film is only about 0.1.' These wvalues are calculatedzs,
on the assumption that the films are ideally Bonded to the substrate.
Thus one expeéts the boundary resistance between aluminum film and a
glass substrate to be substantially lowéf than that between a tin film
and a glass substrate.

Despite the highly qualitative nature of our expe;iments, it is
appa?ent that thé underlay makes a marked improvement in the thermal
contact between tin films and glass or s;pphire substrates, but hés

little effect in the case of lead films. We shéll see in Sections V

and VI that the change in the thermal contact can have a marked effect
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on the noise spectrum.
| V. EXPERIMENTAL RESULTS FOR TIN
A; Noise Power Spectra
A typical power spectrum for a type A tin sample on a glass substrate is
shown in Fig. 2(a) with a dc current bias of 50pA. The sample resistance in
the normal state was about 20f. The dashéd line indicates the spectrum

obtained from Eq. (2.4) using the following parameters: Q=3.8x10—9cm3,

3JK—lcm—3.26 Although the slope

B = 155K—1, and an average C, = 1.44x10—
of the measured cuwe is a little steeper than -1, the general agree-
ﬁent between the two curves is good.
-We have investigated the dependence of Sv(f) on §, B, and V. In Fig. 3(a)
we plot SV vs. Qfl for six samples of different volumes, each biased to
give the same value of V. Five of these samples (solid circles) were
1000A thick, and each was biasea at a point on the transition to give
a éomparable value of B, about lSSK_l. The sixth‘sampleu[a triangle in
Fig. 3(a)]_had a thickness of 6CG0A and its sﬁperconductiné transition
was broadened to give B = 62K-l at the mid—poiﬁt. in Fig. 3(a), the
value of Sv(f) has been multipled by.a faetor of 6.25 ﬁo account for
the lower R. The fact that Sv(f) scales with Q_lvfor-variations in both
the area and the thickness of the films provides strong evidence that the
1/£ ndise is a bulk effect. If the noise were a surfaée effect,
'Sv(f)/v2 would scale inversely as the area of the films, but would pre-

sumably be independent of the thickness of the films.

In Fig. 3(b), we plot Sv(f) vs. (dR/dT)2 for one sample at constant
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bias current. Each value of dR/dT was obtained by maintaining the sample
-at a slightly different temperature on the tranéition curve. - No correétions

were made for the variation in T2/C This error is insignificant compared

with the measurement errors. Tn Fig. 3(c), we plot Sv(f) VS.V2 for

v?

one saﬁple at constant R. The fact that Sv(f) o« Vzindicates that self-
heatihg effects did not contribute measureably to the noise spectra.

In each figure, a line of unity slope was fitfedf Bearing in mind
thé uncertainties in the measurements, we regard>the measured dependénce
of Sv(f)/vzon Q-l, and Sv(f) on dR/dT and V.to.be_in.Satisfactory agree-

 ment with the predictions of Eq. (2.4).
We next measured the power speétra of type B'tiﬁ samples. Typical

noise power spectrg for_ a sapphire substrate (D ~_lOScmzsec—-l) and a glass
substrate (D ~ 3cm sec ) are ' I

Ciéhbwnwihnﬁfgs.WZKb)mzn c). The spectra flatten below about 30Hz,
and have a slope of less than -1 at highef frequencies. Since A and B
samples had almost didentical volumes, résistivities, t;ansition tempera~
tures, and transition widths, it is highly likely that the énormous
difference between their noise spectra arises frdﬁ.the different'thermal
coupling of the films to the substrates. The flattening of the spectré
at low frequencies indicates that the heat flow is much more 3-dimensional
in B samples than in A samples. A fluctuation at one point on the film
.haS'a higher probability of decaying into tﬁe substrate_(rather than
along the film) in a type B sample. It is intefesting to note that the
type B samples have very similar spectra bn both.giass and sapphire sub-

strates, suggesting that the thermal boundary resistancebfather than the



~18- ‘ LBL~4535

diffusivity of the substrate, is the dominant factor in determining tﬁe
heat flow out of the film.

For one type B sémple on a glass substrate the power spectrum .
shown in Fig. 2(d) was obtained. The spectrum is intermediate between
the spectra (a) for type Alsamples and the more typical type B spectra,
(b) and (c). Thus . the low frequency end at the power pectrum is less
-depresssed than that of the other type B samples,-and'the.élope is
about -0.35. Apparently the thermal conductance between the film and
the substrate was less enhanced by the aluminum»underlay:thanAwas usual.

We initially supposed that the knee in Figs. 2(b) ahd (é) at 30Hz

corresponded to the frequency £ However, we also measured the spectra

1
of type B samples in which the length was varied from 0.6mm to 5Smm. We
observed no systematic variation in the knee frequency. Consequently, we
suspect that the knee frequency corresponds to the inverse of the‘re—
laxation time of the film and part of the substrate;‘this:time,about 10ms,
is.independent of the length of the sample. .It should be ﬁoted that this
time is much greater than the time defiﬂed by the ratio of the heat cap-
.acity of the film (.._51(10—12.IK—l for 2.5mmx15umx1000A) to Ke(~10uWK_1),
which.is on the order of lus. This result suggests that part of the sub-
strate adjacent to the film is involved in the thermal relaxation précess,
- and that the heat capacity of this part of the}Substrate contributes to
the relaxation time.
B. Spatial Correlation of the Noise

As a further test of the thermal diffusion mechanism; we studied the

spatial correlation of the 1/f noise. The experimehtal configuation is

shown inset in Fig. 4. We measured the correlation of the noise generated
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in two regions of the same film separated by a diStaﬁce d. The two noise
voltages Vl(t) and V2(t) were separately amplified with PAR-190 trans-
formefs and PAR-113 preamplifiers, and the spectrum of their sum or diff-
erence measured in the usual way. If S+(t) is the spectrum of
[Vl(t) + Vz(t)] and S_(f) is the spectrum of [Vl(t) - Vz(t)j the

fractional correlation between the stri?s,-c(f), is given by
C(F) = [S,(£) - S_(DI/[5,(F) +5_ (D). (5.1)

~ When V1 and'Vzvare independent, S+ = S_ and C(f) = 0. When V1 = VZ’ S

vanishes, and C(f) = 1. The measured correlation for 4 = 5mm is shown

as open circles in Fig. 4. At high frequencies, }(f) < d, and

C(f) = 0, while at low frequencies A(f) > d, and C(f) - constant.:

The chaﬁge ffém correlated to unco:relatéd behavior;OCéprs when

AE) -~ d.‘ Because of the ﬁhermally inhomogeneous nature of the system,
we have introduced an effective diffﬁsivity, De, thaﬁ represents an
appropriate average for the film and the substra£e. The observed change-

over from correlated to uncorrelated noise at about 8Hz corresponds to

‘De &~ Hcm sec-l.' From the measured electrical resistaqce of the film,
its esfimated~heat capacity, and the Wiedemann—Fran; ﬁaw, we estimate -
D ~ SOcm2 sec-l. Given the complexity of the me;al—on—glaés system, it
is difficult_to quantitatively relate De.to the diffusivity of the
film. One would expect the relatively low diffﬁsivityvof the substrate
(D - 3cm2 sec_l) to lower the effective diffusivity measured by the
correlation experiment, and the low value of De is perhaps not too

surprizing.
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Correlation measurements were performed on type B samples using the
same configuratiqn as for typé A samples. With d = 5mm, no convincing
correlation was observed in any of several saﬁples tested; With d ='l.3mm
and a glass substrate, the correlation shown as solid ciréles ih.Fig. 4
was observed. The degree qf cofrelation at low frequencies is less than
that for type A samples. This smaller correlation and the lack of

correlation for d = 5mm are consistent with the idea that type B samples

“are much fiore 3-dimensional than type A. A fluctuation in the film in

a type A sample tends to decay along the film, whereas in a type B sample,

it has a much greater probability of decaying into the éubstrate, there-

- by reducing the correlation along the film. This result may be seen by

comparing the 1-D and 3-D correlation functionsifor'uncorrelated tempera-
.ture fluctuations, Eqs. (2.2) and (2.i). The presence of 1/[§| in
Cé3)(§ﬁ:w) indicates that the correlation between:two reéions is smallef
in a 3—b system than in a 1-D system. The 3-D correlation function for
correlated temperature fluctuations, Eq. (2.5), is proportional to

1/L§Jw%. If the noise originates from correlated fluctuations, one

might hope to observe the w-Li dependence in C(f) provided that the se-

paration d of the two regioms is large compared with the length of

either region, and C(f) approximates the point cor:elétion function,

Eq. (2.5). Unfortunately, the data are too few and too scattered to en-

. -1 0
able us to distinguish a w £ dependence from a w dependence.



L
o
€
[y
.Y
o
]
P
&2
£

-21- ‘ LBL~4535

For both-l—D and 3-D systems, C{f) is expected to roll off when
X(f) ~ d. The value of De that we deduce, about 4 cmzséc_l, is not
sigﬁificantly different from the value for_type A samples.

C. Effect of Magnetic Field on Typé A Samples

We investigated the effect of a magnetic field H pefpendicular to
the plane of the film on TC’ B, and Sv(f) for type A tin samples. In the
_ inse; of Fig. 5 we‘plot the dependence of Tc and B (measured at the mid-
point of the transition) vs. H. A field of a few gauss was sufficient
to reduce B by an order of magnitude. The noise power spectra were 1/f
for.all values of magnetic field that we investigated.

In Fig. 5 we plot-SV(IO) vs. 82. Open circles and crosses are for
bias currents of 150uA and .50uA respectively. The value of the magnetic
field for each measurement is written in.parenthesis. The points are
scattefed about a fitted line of slope unity. The observations that
Sv(f) « BZ(H) and thaf SV(f) decreases as H increases are strong pieces
of evidence for believing that the 1/f noise originates from temperature
fluétuations and not from flux flow (see section VII).

VI. EXPERIMENTAL RESULTS FOR LEADY

A typical noise pﬁwer spectrum for a.type A 1éad'fi1m with a normal
; resistance of 40 and a dc current bias of SQOMA is shown in Fig. 6(a).
.The slope of_the spectrum is -1.1. The dashed line is calculated from

Eq. (2.4) using Q = 6.0x10_9cm3, B= 32Kfl, and CV = 5.7x10_2JK_1cmj3. 26
At 1Hz the theoretical power spectrum exceeds the measured power spectrum

by a factor of about 5. Samples evaporated on a sapphire substrate (with
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no underl#y) had similar power spectra. We found that Sv(f) was again.
proportional to Vz and (dR/dT)z. The power spectrum of a sample whose
volume was 9 times greater than that of Fig. 6(a)‘wasrapproximafely a
factor of 10 smaller in magnitude, as expected if'SV(f) x Q—l.

A typical spectrum for a type Bllead sample ON a glass substrate is
shown in Fig. 6(b). Similar results were obtained using a sapphire sub-
strate. The slope is about -0.8, somewhat sﬁaller than in Fig. 6(a).
The spéctrum is reminiscent of that obtained for the anomalous type B
vtin sample, Fig. 2(d). The fact that the flattening of the sﬁectrum at
low frequencies 1s much less dramatic than that-usually observed for tin,
éuggests that the aluminum underlay has much less effect on the thermal
contact for lead than for tin. |

VII. DISCUSSION AND CONCLUSIONS

We first briefly show that the ldw frequéncy noise we observé is
inconsistent with that expected from a flux flow mechanism. The power
sbectrum of flux flow noise has been calculated fof various models6,
and is usually not 1/f. The maximum.value'of the power spectrum at zero
frequency6 is-2¢Vf, where ¢ is the flux contained ip each bundle, and

f
the maximum area of the flux bundle is 2; (22 ~ 15um is the width of the

V. is the voltége across the sample due to flux flow. We assume that

film), and that the maximum field (residual ambient field and self-

field of the current) is 0.1G (= 10 °T).Thus ¢ 2x10 -

5WB~¢O. Let us fur-
ther suppose that the average voltage across the film is entirely due to

flux flow: A maximum value for Vf in a typical sample would then be 1mV.
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18 2
Thus an upper limit on the zero frequency power spectrum is 4x10 ,
a value typically 5 orders of magnitude smaller than our observed noise
at 1Hz. In fact, for a sample biased at a voltage of one-half the normal

..state voltage, the flux flow voltage V_ is a very small fraction of the

f
total voltage (see Fig. 6 of Ref. 6). Thus the expected flux flow noise
voltage is considerably less than our estimate of 4x10 18 2 1. Further-
more, the observed noise spectrum decreases (and is proportidnal to 82)
‘as the applieq magnetic field is increased, whereas for a consfant bias
voltage the flux flow noise would increase. -Finallj, the observed noise
power spectrum is proportional to 82, and_is a maximum close to»the mid-
point of the transition. 1In the case ofvfiux flow noise, the spectrum .:
has a maximum value when the film resistance is much less than>one;half
the normal state resistance.6’8 We conclude that the noise observed in
our experiments is quite inconsistent with'that expected from flux. flow.
The experimental results presented in this paper provide stfong
support fof the thermal diffusion theory of 1/f noise. We heve shown
that for tin films the noise voltage power spectrum Sv(f)‘is proportional
tovvz’ 82’ and Q—l as predicted by Eq. (2-45.' in particular, Sv(f) is
“inversely proporfional to the film thickness, indicating.that the noise
‘is a bulk rather than a surface effect. The flatfening of_Sv(f)‘atblow
‘frequencies when the film is in good thermal centact with the substrate
strongly supports a tﬁermal diffusioﬁ model. The spatial correletion of

the noise at low frequencies observed in both type A and type B samples

provides further clear evidence for a thermal diffusion process. Finally,
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the prediction of the semi-empirical formula Eq. (2.4) is in excellent ' *
agreement with the measured magnitude of the noise. It is particularly
noteworthy that although BZTZ/CV increases by about 9 orders of magni-
tude when a tin film is.cooled from room temperature to the mid-point

of its‘superconducting transition, Eq. (2.4).predicts the'magnitude of
the néise at each temperature to within a factor of 2 or 3.1’2 in Fig. 7
we plot measured vaiues of SV(IO) for type A tin samples versus the
values of SV(IO) predicted by Eq. (4) for the measurements plotted in
‘Figs. 2, 3, and 5. Although there is conéiderable.scatter of the data,
there is a good fit to a line of slope unity over four décédes.

The small amount of data collected on lead films also Suppérts'the
thermal Aiffusion model. The correct dependences of Sv(f) on Vz, 82,.
and Q_l were observed; The type A films have 1/f -1like spectra that
are within a fagtor of about 5 of the prediction of Eq. (2.4). However,
it should be noted that. had it been possible to'obtain data at a some-
what higher frequenqy, the agreement between the expefimental data and
the semi-empirical model would have been imprqved. Clearly, if the ob-
served slope Sv(f) differs from -1, there will be‘good‘numerical agree- -
ment between the measured and calculated spectra only ovér a limited
frequency range. (In the same way, the good fit to the theory ob-
| tained for the power spectra of the type A tin filﬁs'may be régarded as
somewhat fortuitous: The fit would have been poorer at a substantially
higher or lower frequency.) For type B lead samples, the slope of Sv(f)
was reduced to about -0.8. Although this was a significantly lower slope

than that of the type A samples (about -1.1), the change:was much less marked than
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for most of the tin samples, presumably because of the relatively small
change in the thérmal boundary resistance.

The major unresolved problem in this work is fhe microscopic origin
of the 1/f slope for the type A samples. Voss and ClarkeZShowed that for
a thermally homogeneous system a model involving correlated temperature
fluctuations produced a 1/f spectrum in the low frequency limit of a
two-dimensional system. The low frequency 1imit of a one-dimensional
system has a slope of -3/2. The present measurements do not proyide
overwhelming evidence in favor of either correlated or uncqrrelated
temperature fluctuations. However, one qualitative comment is in order.
In the type A samples, the poor coupling of tﬁe films to their substrates
implies that most of the heat flow is along the film rather than into the
substrate, i.e.; that the film is more one-dimensional than two-dimensional.
In the room temperature measurements of Voss and Clarkez, the spectra also
tended -to have a slope somewhat steeper than —1; This slopé_is thus
consistent with the prediction of ;he model - involving éorrelated témpera—
tﬁre fluctuations. It is not consisféntvwith the model involving un-
correlated fluctuations in which the iow ffequency_spectra for two~ and
one-dimensional éystems are respectively 1n(1/f) and f-l/?v Thus there
is some. further evidence for the correlated fluctuationms, albeit‘of a
qualitative nature. One would also like to’ﬁndeféf&nd:quantitatively the
effects of strong thermal couplihg between.the film and the substrate.
Evidently, if the coupling ié sufficiently strong; the power spectrum be-

comes flat at low frequencies. An intermediate case also exists, in which
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the slope of Sv(f) lies between 0 and -1 [Figs. 2(d) and 6(b)]. A
calculation taking into account the proper boundary conditions is
urgently needed.

Our results have an immediate practical application to superconduct~
ing bolometers. Our understanding of the role of the various parameters
in détermining tﬁe magnitude of the 1/f noise has enable us to.design a
superconducting bolometer with significantly'lower noise than has been
achieved‘previously.27 The use of an aluminum underla? to improve the
thermal coupling of tin films to glass or sapphire substrates would be
of interest in other experiments, for example, measurements of the

2
quasiparticle recombination time using tunnel junctions. 8
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FIGURE CAPTIONS

Fig. 1 Scanning electron micrographs of tin films on a glass sub-
strate: (A) type A; (B) type B.

Fig. 2 Typical noise power spectra for tin films: (a) type A on
glass [ dashed line is calculated from Eq. (2.4)];(b) type B
on sapphire; (c¢) and (d) type B‘on_glasé.-

Fig. 3 (a) Sv(l)/\—l~2 vs. Q—l (solid circlgs, 1000& films; triangle?

6000A film); (b) SV(IO) vs. (dR/dT)z; (c) SV(10)-vs. VQ.
A line of slope unity has been fitted in each figure.

Fig. 4 C(f) vs. f for type A tin films on glass (open circles)
and type B tin films on glass (solid circles). Inset is
experimental configu:ation;

Fig. 5 SV(IO)/V2 vé. 82 for type;A tin samples‘for‘several values
of magnetic field (in parenthesis in G). Inset shows varia-
tion of B and Tc with magnetic field.

Fig. 6 vaypical noise power spectra for lead films:. (a).type1\on

 glass [dashed line is calculated from Eq. (2.4)]; (b) typé B

on glass. |

Fig. 7 Comparison of measured SV(IO)Ffrom-Figs. 2;,3 and 5 with

SV(lO) calculated from Eq. (2.4) for type A tin samples.
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