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Absﬁtaeti '

. Me—have-ﬁéaﬁutedn stral density, Sy(f), of the valfage noise acfass 1=1y,
. cutrent=biased tih fﬂms %M\éﬁpéteoﬁaueeing transition. Each film wag freely
- suspended betwaen two: theftnal elamps a4 distance L apart in & vacuum c¢dn. A thin
- layer 6f lead was evapﬂtated on the outer -portion of the films to léaVe g uncoated .~
- middle- region of length £.. (f) was flat at ﬁ'equeﬂcies belaw £y, &71D/i?, where D
. 1ig the thermal diffusivity, X€ frequencies between £ and £y & (L/E) £y, the slepe-.
was typleally =0.8, while at frequenciag above fz the slope was somewhat less steep
than =1.5. fThe shape and magnitude of §,(f) were in good agreement with an equili=
“belun temperature fluctuation medel in’ gich the tempefature fluetuations are spa=
tially uneerrelated. ' Measurements of the. autoesrrelacion funetion also . strongly
supported this medel, “Thisse results are in eonttast with those cbtained for normal
. filmé and films dt the supereoﬂductiﬂg teansition supported & subgttates, for whieh ..
" .a model was féquited with spatialiy eerrelated fluctuations. W& coneludelthat the
- 1/f noiee for filmd on substtaﬁes is ﬂiédia:ed by ai iﬁt@racs ofi betma . the suba L
.. 8traté and the film. . . . .

' INTRODUCT ToN

, Voss and CIatké used a model itwalviﬂg equilibrium témperature fluctuations
‘to aceount for the 1/f voltage fiolse obsetved at oot temperature in metal films
) depodited on glass substrates. - The temperature fluctuations generate resistance -
. fluctuations that give rise to voltage fluctuations with a mean square value
<(Avy?s = 12(dR/dT)2 ky1?2/C,,, where 1 is the constant bias current, (1/R)dR/dT is
the temperdture coeff%ient of tesistanee, and €, is the heat capacity of the film.
- This model was supported by the absewatiﬁn that the speetral density of the volt=
age. tioige, Sv(f), w48 proportional to I ¢dr/dm?/a, vhiere.Q 1g the volume of the
film, urehem ey at a given ”"f’tequeneg ‘the'l/f noise was foind té be .spatially ;
correlated ‘over a diseance A(£) = (D/f) where D 1o the thermal diffusivity of the

Eilm “fhe usual Langevin ﬁteatmeﬁ& of. temperatute fluctuations leads to the equa- "
ofi - ‘,
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“where''e 18 ﬁhe speeiﬂe heae, and F(r,t) teptesents a fluctuating eﬂefgy flux: of

the'f ~<?(f +8, t+7)F(H,t)5 = 2n)IF 6(3)5(f). The: resulting ‘equal=time temper=
“£1d {ens dre spatially unearrelated, AT(E + &, E)AT(F,t)5c 6(s). Unfor- ..

ately, "this formilation does Aot léﬂd to a 1/f spectral density. e

. Vaee and: Clarkel Eherefare prapoged Af alternative tteatment 1ead1ng to the
Vequaticﬂ
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P(Ee)> = (Z’IT)QPQS(S)G(TL, The resulting equal-tine temperature "+
rralited ; »-<AT?'£ + 38, e)AtE,t)s.« a7l vor a rectangular re-.

: gads’ to a range of fraqueneies /1.2 « £« Djw? where
isity is propo {onay k6 1/ (L-and v ate the length and width of
Furth riibre, thé: magnitude of the obsetved nolge was in good agreement
g .of the P-model . However, difficulties remain with che model:
of P 48 uncleat' ~4f tha fluctuations ars assumed to be intrin-
1 ne finds that the magnitude of P, depends on the volume of the

xpeﬂmencallv, thete 1s. no change in slope of the spectrgi dengity
of order D/L%, as expeeted, HNevertheless, 4 final set of experiments
pported. the P-modal. An altérnative way to determine § ¢(f) 1s to perturb
sysﬁem ‘from equilibrium and to medsurs the subsequent change af the ‘spatially
aged ‘Gemperature, T(t). For the dppropriate pertutbation the change represents
.auccearfelatian funetion, T(‘t), which is related to Sp(f) by -

8, (f) = lc‘/ﬁe (t) eos(Znft)dr, ' (35

" the aucocaz:rélaeion finetion is netmalized by setting eq(0) = 12 /6y, 1t ean be
", shownl that if a delta=functisn of power is Aapplied to :he sampge t.he eosine trans=
of ‘the ehﬂnge in T(£) 18 equal to the Speetral dengity of the fluctuations
ted from Bq. (1), vheteas if a step-funetion of poWer 1is applied the transs
6 aqual te the speetral density caleulated from Eq. (2). It was found 'that
the: cosing transform of the Fesponse to a step~funciion was in excellent Agreement
th- the méasured specﬁr&l densicy, implying that the P-model deseribes the tempet=

acu:e Elucﬁuaﬁons.

; An unresolved ptablem 16 ‘this work was the role of the substrate. The uodel '

leulations were performed for a thermally homogeneous medium, hereds in the
periments the substrate and £ilm had very different thermal properties. To in=
sfzigace the ptopereies of .4 nystem that had well-defined thermal ptoperties, we
rfctmed experimenes on freely=suspended tin films at the superconducting transi-
tlon, ' In contrast to the films on %u gtrates; the spectral density of the noise
i5 in ‘éxcelleitt agreement with the VeF-model.

e THEORY

film of. length L is suspended batween two thermal clamps at temperaty e T
. trandverse di.mensins of the £ilm are much smaller than (D/£)%
interast, He wish to find €he epectral nsity of the fluctuations

{n:e ‘of- the length 4, () = 4= 9/,/2 T(x.t)dx, subject to the '

(L/2. #) 4 Ty, The speceral density ean ba caleulated
{1)by noﬁing that the boindary-eondition allews only
'n/L). n=1,2 ..., The allowed modes associated with
/L) 5 - ‘and do not eontribute to T(t); the allowed modes
e form: cos(nﬂx/L) The speetral density is-given by

. ‘;d m‘gnfmgzm . ”
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enetes below fi, » 0/1?, and varles as £ iz at fre=
In the range fL ¢ £ << £, 9,(f) varies as £-1/2
0. the- slope 18 considersably” steepet.

): for . ‘the P-podel from Eq. (2). 8,(f) 1s white
at frequeneies greater ehan fz, and, for large




. : EXPERIMENT

- Wa perforfied experiments on a total of 15 ssmples,,using both ‘pure tin and tin
with 3% indium. ‘the In-doped samples were 30 mm long, 50 im wide, and 1.5 pm thick.
_ The lead coating (Fig. 1) wds 0.1 ym thick, fThe tabs at the ends of each sample

were fastened down with superconducting elamps to two copper blocks that were at=
taclied to but electrically isolated from a copper plate.  The copper plate, which
had & long thermal time constant, was suspended in a vacutim can immersed in 1iquid
helium at about 1.7 K. ‘the temperature of the plate was raised byNglecttical heat=
ing to be within the width of the superconducting transition of the'‘tin film. A
curtent I was agplied to the £ilm, and the voltage fluctuatiots measufed with a dc
4QUID voltmeter.3 The output of the volemeter was digitized, and stored in a
PDP«11 computer that subsequently cetiputed 84,

We measured the noise spectral densities of 15 samples. 1In all cases Sy(f)
was proportional to the square of the eurrent through the filn, provided that nelf-
heating was not significant, and to (dR/dT)?. TFigure 3 shows three representative
power spectrd with £ = 3,2 mmi (A) and £ = 6.4 mi (B and C). In each case the spec-
_ tral denaity is white below £f; = 2 Hz, and a second kiee 18 evident at fg =~ (L/2)2 £y,

The heavy lines ate culculate& from Eq. (3) with the value of D deduced from fy,
" typleally 30 em’s™!, and with the handbook value of the specific heat. The slupes
below £, and between £; and £ are in excellent agreement with the theory. The
glopes abave £y are less ateep thdan predicted, and consequently the knees at £, are
lessqprOﬂouﬂee% than expected. The slopes are never steeper thatthe prediction of
the VerF-model. The slopes are therefore in considerably greater disagréemént with
the predictions of the P-model, for which the slopes ahove fy are steeper than
those of the 33 F-model, In.the fruquency range investigated the measured spectral
densities are within a factor 2 or 3 of the values preditted by Eq. (3).

Themegperimental results provide strong evidence thdt the observed voltage
noise 18 geherated by thermal fluctuagigus. In addition,}the medsured power spece
tra agree much more elosely with the oF-model than with the P=model,, To further
distinguish betwgen the two models we applied a step=function in powek to a sample
with L = 2.2 mm, and measurad the subsequent change in the avgpage temperature with
time. We computed the spectral densitjes from the cosine tranaforms of this tran=
glent aid of ity tim--derivative. Thg step=function it power was applied by
suddenly decreasing the bias current An the film. The feedback loop of the SQUID
wvad unable to track the sudden change in voltage, and instantaneously become un~
locked. fThe SQUID feedback loop then recovered lock, and the subsequent voltage

_¢hange across the film was measured.in the usual way. Becduse the dissipation in
the film had been lowered the temperatute of the film decayed to a lower value .a
the superconducting transition. The resulting voltage decay was measured. The
"f1lm resistance was very nedarly a linear funetion of temperature aleng the ,decay
path. When ‘the deeay was. eoniplete, we measured Sy(f). The spectral density Sm(fy="
Sy(£)/1 (dR/dTY? 1 plo::ed in ¥ig. 4. The measured decay curve was normalizeg :
eetting eq(0) = kyt¥C,. The cosine transforms of this curve andof its normalized t:ime=
detivative aré shown in Fig. 4.  The shape and magnitude of the cosine transform of
the delta-function response are in excellent agreement with the measured speetral .
density, Sy(f), whereas the shape and magnitude of the edsitie transform of the stepa
function response differ substantially from Sq(f}. We conclude that the delta=,
funetion” response has the shape of the true au:ocorrelation funetion, and :hae V-f
is the approptiaee driving term for the diffusien eguatian.




Lo o piscusston

z'he measured powar spsc%ra of the fteely suspended filme correspond more nearly
‘p:edictions of the -model than to the predictions of the P-model.. In
“dddition, theé gpecttal density given by -the cosine transform of the response to a
alta-function of power 1g in excellent agreement with the measured spectral densi-
Aty This result 1s in sharp centrast with the work of Voss and tlarkel on f£ilms

. n~'substtates, where the. cosine transform of the tesponsze'to a step-function of
“‘power was in: excellent agraement with the- medgured gpeetral deneity. We conclude
that the 1/f uoise in mecal films on substrates must be strongly influenced by an
-interaction bétween the £11m and the substrate. This claim is further supported
_by'the observation that a very thin layer of aluminum Between the film and the sub-
" | stfate 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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de SQuID

TFig. 1. Configuration of tin film and . E
four-terminal measurement circuit. o 7

Fig. 2.  Computed. power spectra for
the.configuration of Fig. 1 for -
sevéral values of L/4, with frequency :
normalized tof,= ﬂD/ZL . For elarity,
as L/% :I.ncreaaea ‘each _spectrum has been
displaced upwatds by one decade rela-

: tive to the specttum below.




Fa
I 3t
0%
%uoz -
Zw0 .5'
& i
03 :
: i
g 10
s N
S . e { Il TS Y |
c . ’ I 10 02 103 .
ER - m-m
g Co e Fig. 3. Spectral den-~ - .
. e . sities for 3 samples:
' ‘ . o For A, %= 3.2 mm, and .

for B and C, % = 6.4 mm,
'l'he salid lines are the
pret!j.ctiona ‘of Eq. (4).




