
tSL-6631 

Wtt fREQtMC? HOIS! INifREELY SUSOTBEB TINfltMS 

it 
Mafk B« Ketetie-fl âhd Johtt Clarke 
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. V " 
Abstract. t 

Mo hive wynyiired^the spectfal density, S v(f), of the voltage noise across i-B Jv 
eurrent-biased tin f ilffis^ tWe^Cfpeteen^ueting transition, laeh film was freely ^ 
suspended between ttfotheetial elaops a'dlstanee Lapatt In a vaduuffl dan. A thin 5v 
layer ef lead was evaporated en the outer portion ef the films to leavemjm&e&tg^^' 
middle region of length i.. § v(f) was flat at frequencies below f L €n5/L z, where fl 
is the thermal diffusivity. At frequencies between f^ and fg « (L/fc) 8^ the slope,, 
was typically =0.8, while at frequencies above £5. the slope was sonewhat less steep 
than -1.3. the shape and magnitude,ef S„(£) were in goad agreement with an equili­
brium temperaturei fluetuationifflodel. in whleh the temperature fluctuations are spa­
tially uneerrelated. Measurments of the,autocorrelation function also strengly 
supported this Aedel. these results are in contrast with those obtained for normal 
films and films at the superconducting transition supported Jsy .substrates, for which 
a model was required with spatially eerrelated.fluetuatiens.^Se-eonciudeLthat the 
1/f noise for films on substrates is mediated by an interaction between the sub­
strate and the film. , 

IHtBDBUCtlOfJ 
Voss and Clarke used a model involving equilibrium temperature fluctuations 

to account for the 1/f voltage noise observed at room temperature in metal films 
deposited oo glass substrates, the temperature fluctuations generate resistance 
fluctuations that give rise to voltage fluctuations with a mean square-value 
<(Av)*> s I^dtt/dt^kfltVCy, where 1 is the constant bias current, (l/R)d8/dt is 
the temperature coefficient of resistance, and c v is the heat capacity of the film, this model was supported by the observation that the spectral density of the velt-. 
age noise, S v(£), was proportional to iz(dR/dt)4/J2, where fi is the volume of the 
film. Furthermore, at ;agiveri frequency?the 1/f noise was found to be spatially 
correlated over a distancetfc(f):«v(8/f)%, where fl is the thermal diffusivity of the 
film, the usual Langevin treatments of temperature fluctuations leads to the equa­
tion 

, where c is the specific heat, and F(r,t) represents a fluctuating energy fluk-of 
the forft <f(t + s\ t + T)«f(t,t)> * (2if)3F|«(f)6(t). the resulting equal-time temper­
ature fluctuations are spatially uneerrelated, <At(? * s, t)At(r,t)>« 6(s). Unfor­
tunately, this formulation dees net lead to a 1/f spectral density. £ 

Voss and Clarke therefore proposed an alternative treatment leading to the equation , 
^f^-B^tf.t) -^-P(?,t), (2) 

where P(r,t) represents fluctuating sources and sinks ef energy, anr< is of the term 
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<F<? * a, t + T)P(fjt)>:*' (2irJ-;JJ?|<?<s)fi(t).-, The resulting equal-time temperature 
-.fluctuations ate correlated|jj:-MTI? + I*, t)AT(f*t)x* |s| _ 1. Per a rectangular re­
gion of a large bodyiM$n <2j;;leade pa a range of frequencies tt/tl« £« i?/w* where 
the spectral density Is eroportlonal: to i/£. (t and w are the length and width of 
the region), furthermore, the atagnitude of the observed noise was In good agreement 
«lth the predictions ei the P-tMdel< Hewever, difficulties remain with the model: 
the physical origin of P is unclearj if the. fluctuations are assumed to be Intrin­
sic to the metal, one finds that the magnitude of Vg depends on the volume of the sample} and,' experimentally, there is no change in slope of the spectral density 
at a frequency of order B/L2, as expected. Nevertheless, a final set of experiments 
further supported the P-model. An alternative way to determine ST(f) is to perturb the system from equilibrium and to measure the subsequent change of the spatially 
averaged temperature, 7(t)- For the appropriate perturbation the change represents 
the autocorrelation function, e^(th which is related to S^(f) by 

**€* S T(f) * 4/ ef(t) eos(2fffT)df. (3) 
The autocorrelation function is normalized by setting c^(0) = k«T 2/C v- It can be 
shown1 that if a delta-function of power is applied to the sample the cosine trans­
form of the change in T(t) is equal to the spectral density of the fluctuations 
calculated from Eq, (1), whereas if a step-function of power is applied the trans­
form is equal to the spectral density calculated from Eq. (2), It was found 'that 
the cosine transform of the response to a step~function was in excellent agreement 
with the measured spectral' density, implying that the P-model describes the temper­
ature fluctuations. "^ 

An unresolved problem in this work was the role of the substrate, the model 
calculations were performed for a thermally homogeneous medium, hereas in the 
experiments the substrate and film had very different thermal properties. To in­
vestigate the properties of a system that had well-defined thermal properties, we 
performed experiments on freely-suspended tin films at the superconducting transi­
tion. In contrast to the films on substrates, the spectral density of the noise 
was in excellent agreement with the v«f-medei. 
' ' THEORY 

A film of length I is, suspended between two thermal clamps at temperature T d (Fig. 1). the transverse dimensiens of the film are much smaller than (B/f)* at 
frequencies of Interest. Me wish to find the spectral density of the fluctuations •yyr 

J-A/2 In the average temperature of the length J,, f(t) «_ *" j-A/a T ^ l f , t : ' ( l x < s u ^ e c t t o t h e 

"j, constraint T(-L/2, t) « T(L/2, t> * T 0. The spectral density can be calculated 
* ' from a 1-B version of Eq. (1) by noting that the boundary condition allows only 

discrete. Revaluesj k„ * (nff/L), n • 1, 2, .... The aliewedjnodes associated with 
;,'V n even are of the form sin(nirx/t), and do not contribute to T(t); the allowed nodes 
., < associated with n odd are of the form eos(nfix/L). The spectral density is given by 

i' ' V J • S(f)-^s^£ j ^jMsw*m^ , , ( 4 ) 
|v'"f" •.;n T A 2tc f Q (hyo/t*)?„+ (2iff)4 

|/,'' 9j$f) (Figl 2) is white at frequencies below f^ « C/L 2, and varies as f" a' 2at fre-
>\, quncles greater'than lj i«-B/F. In the range £^ « £ « £., 9 v(f) varies as f"1'2 

% , for i,fl 2-100, while for l/i < 10 the slope is considerably steeper. 
it' .A 
£i t * t r Similarly, one can obtain S v(f) for the P-model from Eq. (2). S v(f) is white 
v»-,--at frequencies below f<, varies aa f"2 at frequencies greater than f 8, and, for large 
ft,l X t/*t vafies aa.'t'Jft tot f L « £ « £A. * 
£'/' . '* v -< ' l£ * . . ' - _..̂  i.. . '' ... ' • ' . ' . ' • • • 



EXPERIMENT 
We performed experiments on a total of 15 samples,., using both pure tin and tin 

with 5% indium- the In-doped samples wefe 30 mm long, 50 ym wide, and 1.5 urn thick, 
the lead coating (Fig. 1) was 0.1 ]m thick, the tabs at the., ends of each sample 
were fastened down with superconducting clamps to two copper blocks that were at­
tached to but electrically isolated from a Copper plate. The copper plate, which 
had a long thermal tine constant, was suspended in a vacuum can immersed in liquid 
helium at about 1.7 K. The temperature of the plate was raised by\eleetrical heat­
ing to be within the width of the superconducting transition of the tin film. A 
current ij was applied to the film, and the voltage fluctuations measured with a dc 
SQUIB voltmeter.* The output of the voltmeter was digitized, and stored in a 
PDP-11 computer that subsequently computed S v(f). 

We measured the noise spectral densities of 15 samples. In all cases S v(f) was proportional to the square of the current through -the film, provided that self-
heating was not significant, and to (dK/dt) 4. Figure 3 shows three representative 
power spectra with I s 3.2 mm (A) and I • 6.4 mm (B and C). In each case the spec­
tral density Is white below ft * 2 Hz, and a second knee is evident at fjj, « (L/Jl) 2^. 
the heavy lines are calculated from Eq. (3) with the value of B.deduced from f L, typically ,30 en^s" 1, and with the handbook value of the specific heat, the slopes 
below fj, and between f^ and % are in excellent agreement with the theory, the 
slopes above. £« are less steep than predicted, and consequently the knees at f̂  are 
less^proneunced than expected, the slopes are never steeper thaikthe prediction of 
the V'F-model. the slopes are therefore in considerably greater disagreement with 
the predictions of the "P-model, for which the slopes above fj, are steeper than 
those of the V'F-model. In the frequency range investigated the measured spectral 
densities are within a factor 2 or 3 of the values predicted by Eq. (3). 

the experimental results provide strong evidence that the observed voltage 
noise is generated by thermal fluctuations, in addition,\the measured power spec­
tra agree much more closely with the V'f-inodel than with the P-model,, to further 
distinguish between the two models we applied a step-function in power to a sample 
with 1 - 2.2 mm, and measured the subsequent change in the average temperature with 
time. We computed the spectral densities from the cosine transforms of this tran­
sient and of it's tiffl-.-derlvative. the' step-function in power was applied by 
suddenly decreasing the bias current in the film, the feedback loop of the SQUID 
was unable to track the sudden change in voltage, and instantaneously become, un­
locked, the SQUID feedback loop then recovered lock, and the subsequent voltage 
change across the film was measured,.in the usual way. Because- the dissipation in 
Che film had been lowered the temperature of the film decayed to a lower value ..it 
the superconducting transition. The resulting voltage decay was measured, the 
film resistance was very nearly a linear function of temperature along the decay 
path. When'the decay was. complete, we measured S v(f). the spectral density S?(f)* 
Sv(f)/l|(dR/dT)J is plotted In Fig. 4. the measured decay curve was normalized by 
setting c T(0) •= kgT/Cv. the cosine transforms of this curve andof its normalised time-
derivative are shown in Fig. 4. the shape and magnitude of the cosine transform of 
the delta-function response are in excellent agreement with the measured spectral . 
density, S/f(f), whereas the shape and magnitude of the cosine transform of the step-
function response differ substantially from S T(f). We conclude that the delta-., 
function response has the shape of the true autocorrelation function, and that V«F. 
is the appropriate driving term for the diffusion equation. 



BISCUSSION 
The measured power spectra, of the freely suspended flima correspond mote nearly 

to the predictions of the y'F-model than. to. the predictions of' the P-model.. In 
addition, the spectral density given by the cosine transform of the response to a 
delta-function of power is in excellent agreement with the measured spectral densi-

i ty. this result is. in sharp contrast with the work of .Voss and Clarke1 on films 
on substrates, where the cosine transform of the response to u step-function of 
power was in: excellent agreement with the measured spectral density. We conclude 
that the 1/f noise in metal films on substrates must be strongly influenced by an 
interaction between the film and the substrate. This claim is further supported 
by the observation that a very thin layer of aluminum between the film and the sub­
strate can dramatically change the spectral density of noise in tin films at the 
superconducting transition.^ The mechanism of this interaction is unknown. 
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Fig. 1. Configuration of t in film and 
four-terminal measurement c i r c u i t . 
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Fig. 2. Computed, power spectra for 
the configuration of: Fig. 1 for 
several values of L/I, with frequency 
normalized: tof 0 = 1TD/2L2. For clarity, 
as tli increases each spectrum has been 
displaced upwards by one decade'rela­
tive, to the spectrum' below. 
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Fig; 3. Spectral den­
sities for 3 samples; 
For A, if= 3.2 mm, and 
for B and ,C, SL = 6A mm. 
The solid lines are the 
predictions of Eq. (4). 
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Figl, 4. Sj(f) obtained from 
direct measurement (o), and co­
sine transforms of response to 
steprfunction (•) and delta-
function (A). 


