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The deviation of a resistor's I-V curve from linearity as a result of Joule heating and
its temperature coefficient of resistivity are shown to be sufficient to predict the low-
frequency limiting spectral density of resistance fluctuations caused by spontaneous
enthalpy fluctuations. The prediction agrees with previous experiments. Previous pre-
dictions that substantially exceeded measured noise in metal film resistors are shown
to rely on incorrectly normalized current-jump data.

A number of recent papers' ' have investigated
the relation between the 1/f noise (noise with
spectral density inversely proportional to fre-
quency, f) observed in current-carrying metal
film resistors and the resistance fluctuations
which are expected to arise from spontaneous
enthalpy (or "temperature") fluctuations predicted
by thermodynamics. ' The frequency spectrum of
the expected spontaneous fluctuations is deter-
mined by the kinetics of heat exchange between
the resistor and nearby materials. These kine-
tics are not well known a Priori' but have been
measured by current-jump techniques, in which
the Joule heating P(t) is changed and the resulting
resistance change aR(t) monitored. " Using the
spectral shape obtained from these current-jump
experiments and setting the integrated spectral
intensity equal to the thermodynamic prediction,
several authors have concluded that the observed
noise is much less than predicted in the 100-Hz
region. 4'

The relation used in comparisons of noise data
with current-jump data was

p(w) = [~(T)/'R(0)](k/c„W)y',

where G(v) =(5R(t) 5R(t+r)/R'), bR(T) is the re-
sponse to a brief pulse of heating, k is Boltz-

mann's constant, e„is the heat capacity per unit
volume of the resistor, W is the resistor volume,
and y=(T/R) ~R/'T, with T being the absolute
temperature. In addition to the ordinary assump-
tions used in analyzing fluctuations, '9 the deriva-
tion of Eq. (1) used the assumptions that both the
fluctuation weighting function and the power dis-
sipation density were uniform over the volume 5'
and 0 elsewhere and that the heat transport was
by diffusion with a uniform diffusion coefficient in
the resistor and its surroundings. '

A more general relation

C(T) = [~R(~)/Rj(hT/~)~

has recently been derived. " (~ is the heat de-
posited by the current pulse. ) The derivation of
this relation required only one special assump-
tion—that there be only one type of conducting
material in the resistor, as is the case in all the
examples that we shall discuss. It should be men-
tioned that one of the standard assumptions is
that the enthalpy fluctuations are instantaneously
spatially uncorrelated, which is equivalent to say-
ing that the heat capa, city of small volumes (e.g. ,
100 nm cubed) is defined by the macroscopic c~.'
Such an assumption may break down near a phase
transition, such as the superconducting transi-
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tion, but certainly applies to most metal films.
Equation (2) may be expressed as

&TED
— ( = J P(f') G(f - t')dt'

u T~~R/R = S(O)P/4, (4)

where the spectral density of the fractional resis-
tance fluctuations, S(f), is given by' 4 J G(r)

. 0xcos(2' v)dr. Then, since P= P/R (where V is
voltage) and for a constant-current experiment
the voltage noise from enthalpy fluctuations is
given by S„(f)= Ps(f ),~ we obtain

S„(0)/4aTR = (~R/R) y. (5)

The expression 4k' will be immediately recog-
nized as the equilibrium resistor noise (Johnson
or Nyquist noise. )

Equation (5) has been confirmed in an experi-
ment on enthalpy fluctuations in an electrolyte
solution. " By allowing for a slight correction
(12%) for the finite current source impedance in
that experiment, the reported extrapolated value
of S„(0)/4kTRwas 4.8. The value y= —20.5 was
given as were data sufficient to calculate" bR/R
= —0.27, giving a prediction of S„(0)/4kTR= 5.5

by Eq. (5). The agreement is very good, given
the uncertainty (-301) of extrapolating S„(f)to
f= 0. Perfect agreement is not expected, since
Eq. (5) is exact only to first order in AR/R. "

Voss and Clarke' also report sufficient data to
calculate an expected S„(0)for the sample in
which they observed noise less than their pre-
dicted value. They give y=1.05 and, from the
I-V curve of their Fig. 3 and the voltage given in
Fig. 2, R =130 0, AR/R =0.03. These data imply

S„(f)~s„(0)=7 &10 "V'/Hz for the spontaneous
fluctuations, This value is more than an order of
magnitude less than the smallest excess noise (at
1 kHz) reported in this sample, so that no con-
tradiction of the standard thermodynamic predic-
tion was observed.

The predicted low-frequency S„(f)of Voss and
Clarke was, however, about four orders of mag-
nitude larger than that predicted here and ex-
ceeded the observed noise for some frequencies.
The discrepancy results from an improper use
of Eq. (1). Since in this equation (or rather its
Fourier transform) the pulse response is used
only to determine the spectral shape, not the
magnitude of the expected fluctuations, normali-

by considering P(t') as a continuum of heat pulses,
For constant P one obtains the steady-state solu-
tion

zation requires setting the integral of the spec-
trum over all frequencies equal to the total pre-
dicted mean-square fluctuations. Thus if the
width of the spectrum (i.e. , the characteristic
high-frequency rolloff points) is underestimated,
the expected spectral density at low frequencies
is overestimated. The width of the spectrum
was seriously underestimated in Ref. 4 because
the pulse response was measured with a 1-kHz
ac bridge, 4 setting a minimum response time of
1 msec. In fact, a heat exchange time of 1 msec
would not have been possible in this experiment,
since, given the reported Joule heating V/R and
the sample heat capacity, it would imply a tem-
perature rise of -10''C in steady state. Much
faster kinetics are expected from a simple dif-
fusion model"" which gives, from the reported
sample dimensions and heat diffusion coefficients,
the two shortest characteristic diffusion times
as -100 csee and less than 10 nsec, respectively,
consistent with the observed temperature rise of
roughly 10'C."

Dutta, Eberhard, and Horn' have also reported
noise below the predictions of the standard ther-
modynamic model. Although they did not give
sufficient data to recalculate an exact upper
bound on the predicted S„(f),their techniques
were essentially similar to those of Voss and
Clarke and are subject to the same corrections.

Recent measurements'~ on Sn films at the super-
conducting transition, with y & 1000, show noise
spectra of the shape given by Eqs. (1) and (2)
with a magnitude given to within about a factor of
2 by Eq. (1). Data reported were insufficient for
a comparison of the magnitude with that of Eq. (5),
since the nonlinearity of the I-V curves was
primarily due to field effects, not heating. As
the authors point out, the spectral agreement
indicates that despite the onset of long-range
order, the instantaneous spatial correlation of
the enthalpy fluctuations is negligible.

One may conclude that the resistor-noise ob-
servations reported so far are consistent with the
straightforward thermodynamic prediction for
spontaneous enthalpy fluctuations. In resistors
for which ~y~ ~1, as in most metals, thermody-
namic enthalpy fluctuation noise will always be
small compared to Johnson noise for all frequen-
cies unless the applied voltage is so large that
the resistor is very severely heated, In an elec-
trolyte resistor with

~ y~ =20, spontaneous en-
thalpy fluctuation noise is measurable and fits
the standard model precisely.

The question of the origin of the 1/f noise ob-
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served in metal films remains. The evidence
(particularly the spatial cross-correlation ex-
periment') presented by Voss and Clarke that
this noise results from "temperature" fluctua-
tions remains convincing. The arguments of
Horn and co-workers' ' that the noise magnitude
does not have the right temperature dependence
to be the predicted spontaneous enthalpy fluctua-
tions are also convincing and agree with our con-
clusion that the spontaneous noise should be
scarcely measurable in ordinary metal films.
The conclusion of Vass and Clarke that the spec-
trum of the spontaneous fluctuations is skewed by
unknown forces4 appears to be unjustified, as is
the conclusion of Horn and co-workers that the
predominant source of the 1/f noise is not tem-
perature fluctuations at all."An intermediate
conclusion which seems consistent with all the
data would be that the 1/f noise comes from
"temperature" fluctuations of unknown origin in
excess of those predicted by thermodynamics.
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Although the observed sample of D -&&& is
small, it seems to indicate that the corresponding
decly matrix element is uniform over the Dalitz
plot. ' If this is indeed the case, then the 4T =1
rule predicts a simple relationship' be@veen the
rates for D « '&. and D'-& &'&':

where &(K'&'&') denotes the rate for a specific
decay mode of the appropriateD meson. Accord-

If the branching ratio for Do —K w'wo, which currently stands at (12+ 6)%, remains
much larger than 3% in future data, then either the hT = 1 rule breaks down, or the fi-
nal-state Kr7(' contains much structure. The possibility that this structure is due to K*
and p resonances is briefly examined.

Recent data' ' on D -K~m are examined in the
light of the 4T =1 rule for nonleptonic charm de-
cay. It is argued that if the branching ratio for
D -E s'm, which currently stands at (12+ 6)%,'
remains significantly larger than 3', then the
A« final state must be a highly structured abject,
and that this structure could well be due to reso- + + +)
nances such as&* and p. Implications for the
ratio of the total D' andD'widths and for D-+&
ax e also considered.
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