VoLUME 36, NUMBER 1

PHYSICAL REVIEW LETTERS

5 JANUARY 1976

134, Seeger and H. Mehrer, in Vacancies and Intevsti-
tials in Metals, edited by A. Seeger, D. Schumacher,
W. Schilling, and J. Diehl (North-Holland, Amsterdam,

1970), p. 1.
14 Furukawa, J. Takamura, N. Kuwana, R. Tahara,
and M. Abe, Acta Crystallogr. A28, S159 (1972).

1/f Noise from Systems in Thermal Equilibrium

Richard F. Voss and John Clarke
Department of Physics, University of California, Bevkeley, California 94720, and
Inovganic Materials Reseavch Division, Lawrence Bevkeley Laboratovy, Bevkeley, California 94720
(Received 7 July 1975)

The power spectra of fluctuations in the mean square of the Johnson-noise voltage across
small semiconductor and metal films in thermal equilibrium were measured down to 10~
Hz. The spectra have a 1/f-like behavior that matches the resistance-fluctuation spectra
obtained by passing a current through the samples. These measurements contribute strong
evidence that 1/f noise is due to equilibrium resistance fluctuations.

In this Letter we report the observation of a 1/
f-like power spectrum for low-frequency fluctua-
tions of the mean square of the Johnson-noise
voltage across a very small sample of semicon-
ductor or discontinuous metal film in thermal
equilibrium. The 1/f spectrum is shown to be
due to resistance fluctuations in the sample, and
closely matches the resistance-fluctuation spec-
trum obtained by passing a current through the
sample. Our measurements are the first obser-
vation of 1/f noise from a system in thermal
equilibrium. The fact that 1/f noise had until
now been observed only under nonequilibrium
steady-state conditions led some authors™? to
propose nonequilibrium theories for its origin.
Our present results, however, together with ear-
lier work showing that a theory based on equilib-
rium temperature fluctuations quantitatively pre-
dicts the magnitude of 1/f noise in continuous
metal films,® superconducting films®* biased at T,
and Josephson junctions,® constitute strong evi-
dence that 1/f noise is an equilibrium effect.

Consider a resistance, R, of total heat capacity
C, shunted by a capacitance, C, and in thermal
contact with a reservoir at temperature T,. The
voltage across the capacitor, V(f), represents a
single degree of freedom that can exchange ener-
gy with the resistor via the charge carriers in
the resistor. This exchange takes place on time
scales of order 7=RC. In thermal equilibrium
the average energy of the capacitor, (E ) =3C{(V?
=3ky T, These voltage fluctuations (Johnson
noise) are limited to a bandwidth of 1/47, and
consequently have a spectrum of the form S, (f)
=4k, TR/[1+4n%f?7%]. If the resistor is assumed
to exchange energy with the reservoir on a time
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scale of order 7y that is much greater than 7, the
capacitor is able to reach equilibrium with the in-
ternal degrees of freedom of the resistor before
the internal energy of the resistor can change.
The temperature of the capacitor is then the same
as the temperature of the resistor. VZ2(), like
V(t), is a rapidly fluctuating quantity in time due
to this exchange of energy between the resistor
and capacitor. However, the average of V3()
over a time, 6, such that 7«8 <7y, (V2({)e

=k T/C (T is now the instantaneous temperature
of the resistor), is sensitive to slow energy or
temperature fluctuations in the resistor on time
scales Ty or longer.

Experimentally, the Johnson-noise voltage,
V(t), is passed through a filter with a band pass
from f, to f,, squared, and averaged over a time
6>1/f, to give P(¢), a slowly varying signal pro-
protional to the Johnson-noise power in the band
width f, to f,. Thus,

P(t)~ 4k, TR fffldf/(l +47%27%) + P (t), (1)

where, if R and T are fixed, the first term on
the right-hand side represents the average of
P(¢), and P, () represents fluctuations in P(¢)
about the average due to the rapid exchange of
energy between capacitor and resistor. Because
this exchange is so rapid, P,(f) has a spectrum,
Sp 0( f), that is independent of f for the low fre-
quencies in which we are interested. Sp, may be
reduced by increasing the bandwidth or by mov-
ing the bandwidth to higher frequencies, but in
practice P,(t) severly limits the accuracy of mea-
surements of P(t).

If the bandwidth in Eq. (1) is either totally above
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or totally below the knee at 1/277, P(¢) is sensi-
tive to slow resistance as well as temperature
fluctuations. These resistance fluctuations, AR,
may either be driven by temperature fluctuations
with a spectrum S;(f) so that AR =RSAT, where
B=(1/R)8R/8T; or be temperature independent
fluctuations, AR,, with a spectrum Sg (f) (such
as number or mobility fluctuations of the charge
carriers). Thus, from Eq. (1), AP{#)/P=(1%

BT ,)AT/T,+ARy/R +P,(t)/P, and the relative pow-
er spectrum for fluctuations in P () is of the form

o). 1aprge ), Smll) Se
[

where the plus sign corresponds to f,<f,<« 1/
277, and the minus sign corresponds to f,> f,
> 1/2n7. If, however, most of the noise power
and the knee frequency, 1/277, are included in
the bandwidth (i.e., f,«<1/217< f,), from Eq.
(1) we find P(¢)=ky T/C +P,(t) and Sp(f)/P?=S4(f)/
T, +Sp,/P?. Inthis limit, P() is not sensitive
to resistance fluctuations. Thus, with an appro-
priate choice of bandwidth, the low-frequency
spectrum of P(¢) is an equilibrium measurement
of S7(f) or Sg (f) provided the temperature or
resistance fluctuations are large enough to dom-
inate Sp .

Our initial measurements were on evaporated
InSb films with a thickness of 1000 A and a re-
sistivity of about 1 © cm. Previous measure-
ments on similar InSb films® had shown that the
1/f noise did not arise primarily from tempera-
ture-induced fluctuations; the noise was too large
in magnitude, and spatially uncorrelated. There-
fore, we expected to observe only the resistance
fluctuations AR,(f). In order to make the relative
resistance-fluctuation spectrum, Sg (f)/R?, large
enough to dominate SPO/I_JZ, the samples were
made as small as possible. The resistance of a
strip of InSb was monitored while the strip was
cut transversely with a diamond knife until only
a small bridge containing typically about 10°
atoms remained. In the presence of a direct cur-
rent, I, there are voltage fluctuations across the
sample, AV({)=IAR,(t), which have a relative
spectrum S(f) =Sy (f)/V?=Sg (f)/R?, where V is
the average voltage across the sample. The solid
line in Fig. 1 shows S(f) for a 20-M$2 bridge of
InSb measured with a direct current. The noise
voltage was amplified, digitized, and analyzed by
a PDP-11 computer using a fast-Fourier-trans-
form algorithm to determine the power spectrum.

We also measured the 1/f noise in two other
ways. The spectrum was remeasured using an
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FIG. 1. InSb bridge: Sy(f)/V? using dc bias (—),
ac bias (O), pulsed current bias (a); Johnson-noise
measurement, Sp(f VP2 (). Background Sp(f) /1_5 2 from
metal-film resistor (sc-).

ac technique in which a square-wave current of
zero mean value was applied to the sample. The
frequency was about 10° times higher than the
lowest frequency to be measured in the spectrum.
The PDP-11 was used as a digital lock-in detec-
tor to measure the spectrum of the amplitude
fluctuations of the induced voltage. The relative
spectrum is plotted with open circles in Fig. (1).
In a third technique the current was supplied as
a series of positive-going pulses to reduce the
power dissipated in the sample. The pulses were
typically 1 msec long with a period of 10 msec.
The relative spectrum is shown in Fig. 1 as
open triangles. All three techniques measure
the same resistance spectrum, S (f)/R® The
agreement of the three spectra demonstrates that
neither a direct current nor a constant dissipa-
tion of power is the cause of the 1/f spectrum.
For the measurement of P(f), the sample was
capacitively coupled to a preamplifier to prevent
any leakage current flowing through the sample.
The input capacitance produced a knee frequency,
1/27RC =~ 500 Hz, in the Johnson-noise spectrum.
After amplification the noise was filtered with a
10- to 300-kHz band pass filter, squared with an
analog multiplier, and filtered to remove fre-
quencies above the digitizing frequency. Since
the bandpass is above the knee frequency the cal-
culated relative spectrum of this signal is given
by Eq. (2) (with the minus sign), while the mea-
sured relative spectrum is shown as the open
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squares in Fig. 1. The white spectrum above

1 Hz represents S, /P®. The 1/f spectrum be-
low 1 Hz closely matches the current-biased
measurements. To insure that the 1/f spectrum
was generated by fluctuations in the sample rath-
er than by spurious effects from our electronics,
the InSb was replaced by a metal-film resistor
(which did not exhibit 1/f noise) of the same re-
sistance. This relative spectrum is shown dotted
in Fig. 1. The spectrum is white down to the
lowest frequency measured, and represents only
the term S, /P°.

We have made similar measurements on metal
films. Although the three current-biased tech-
niques give identical relative spectra for contin-
uous metal films in which the resistance fluctua-
tions are temperature induced,® we were unable
to make these films small enough for Si(f)/R? to
dominate Sp /P* at frequencies down to 10°° Hz.
Very thin (~100-A) metal films however (in which
current transport is probably partly via metallic
conduction, and partly via a hopping process) ex-
hibit much greater noise® than can be accounted
for by temperature-induced resistance fluctua-
tions. '

In Fig. 2, the continuous curve is the relative
spectrum of a very thin Nb film (R ~ 200 kf2) mea-
sured with an ac current bias. The open squares
are a Johnson-noise measurement with a band-
width of 100 to 200 kHz above the knee frequency
of 40 kHz. The agreement below 1072 Hz is ex-
cellent. The dotted spectrum was obtained from
the same sample using a bandwidth of 5 to 200
kHz, which includes the knee frequency and most
of the Johnson-noise power. ‘Although the low-
frequency spectrum is substantially reduced [as
expected when P(f) is no longer sensitive to re-
sistance fluctuations], it is still above the back-
ground spectrum of a large metal-film resistor.
This residual noise is possibly due to the temper-
ature-fluctuation term S;(f)/7,%. Indeed, the as-
sumption® of a 1/f spectrum for S;(f) for a sam-
ple of 10° atoms yields Sp(f)/T 2~ 3% 10"7/f Hz™?,
a value that is consistent with the observed spec-
trum.

Our results strongly suggest that 1/f noise in
semiconductors and discontinuous metal films
arises from equilibrium resistance fluctuations.
Current-biased measurements probe these resis-
tance fluctuations, but in no way generate them.
This idea is consistent with several current the-
ories of 1/f noise that propose various mechan-
isms for the resistance fluctuations. These the-
ories are, for example, surface traps modulat-
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FIG. 2. Nb bridge:_SV(f)/V2 using ac bias (—);
Sp(f)/P? (C). Sp(f)/P including knee frequency (s +-).

ing the number of carriers in semiconductors”;
mobility fluctuations of the carriers in semicon-
ductors and ionic solutions®®; and temperature-
induced resistance fluctuations in metal films,®
superconducting films at the transition,* and Jo-
sephson junctions.? Our equilibrium measure-
ments are, however, obviously inconsistent with
theories that rely on nonequilibrium processes
such as turbulence theories,' theories that re-
quire a long-term steady current or power,? and
theories involving thermal feedback via the heat
generated by an external current.
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The thermal anneal of Eu’* to Eu®* in calcium fluoride injected with oxygen has been
studied by means of the Mdssbauer effect. Assuming a common frequency factor 7,, four
distinct ionization energies of 1,52+ 0,02, 1.80+0,02, 1,99+ 0,01, and 2.14+ 0,01 eV have
been measured, with 7,=10"("%1 sec. A model of four complexes of the type Eu’*0;%" F;”
(¢=1,2,3,4; 2¢ +j=8) is proposed, in analogy with previously identified trivalent rare-

earth complexes in CaF,.

The nature of the stabilization of divalent rare
earths in CaF, has long been a subject of investi-
gation. Intuitively one might expect the divalent
Eu?* to simply replace the Ca?" at its body-cen-
tered positions surrounded by the cubic array of
eight F~ anions. This assumption was, for ex-
ample, made in interpreting some earlier M&ss-
bauer studies of Eu in CaF,.'”® However, to sta-
bilize Eu®* at concentrations of several percent
in CaF,, techniques such as hydrolysis, or prep-
aration in a hydrogen atmosphere, have been
found necessary. Recent experiments have sug-
gested that these preparation techniques in fact
lead to the injection of oxygen into the calcium
fluoride lattice, and indeed oxygen-compensated
Gd* complexes have been observed in CaF, by
Reddy et al.* and by Kitts and Crawford.” We re-
port here a Mdssbauer study of divalent europium,
stabilized in CaF, through analogous oxygen-
europium complexes.

In these studies we have used CaF, powder
samples doped with Eu,O, as well as a series of
Optovac-prepared single crystals of CaF, doped
with EuF, from 0.1 to 30 mole %. These samples
gave equivalent results. In order to stabilize
significant fractions of Eu®* in these samples,
they were heated under a hydrogen atmosphere
in a quartz tube above 1100°C for about 24 h, fol-
lowed by a reasonably rapid quench over typical-
ly 15 min. The fraction of Eu** obtainable by
such preparation conditions can exceed 98%.

All evidence points to the injection of oxygen
into the CaF, lattice as being critical for the Eu**
production. It is known®"® that O*" can be intro-
duced into CaF, through the presence of water
vapor, and that under the above hydrogen-atmos-

phere condition the introduction of oxygen pro-
ceeds particularly efficiently,” as HF is formed
on the surface of the CaF, which etches the quartz
to release water vapor. The Gd-doped CaF,,
found by Kitts and Crawford® to contain oxygen-
compensated complexes, was prepared by us in
just this manner. Further we have measured
the rate of penetration of the Eu** conversion
process into a single crystal of CaF,:Eu. The
colors we observed in these samples after quench
are those of F centers; Sierro® had noticed the
same phenomenon and had proposed that F~ va-
cancies were introduced along with the 0*. We
found agreement of our diffusion rate with a sim-
ilar experiment done by Muto and Awazu,® who
had followed the progress of oxidation of Sm?*
in CaF, using the color change as a measuring
device of the conversion front, and then associ-
ated this front with the penetration of 0%,
Mdssbauer analysis of the samples to measure
the Eu®* fraction was performed at room temper-
ature using a standard constant-acceleration ap-
paratus and a single-line source of Sm'*! in an
oxide matrix. The inset in Fig. 1 shows a typical
MOssbauer spectrum with both Eu®* and Eu®,
accumulated in about 20 h. The resonances of
the divalent and trivalent europium are clearly
resolved. We have determined the Debye tem-
peratures of the two europium ions to be the
same within error, so the ratio of the resonance
areas is equal to the ratio of Eu** to Eu®* ions in
the sample. This illustrates one of the advan-
tages of the M&ssbauer effect for such measure-
ments, as both ionic species are measured si-
multaneously in an absolute way, so that there
is an assurance that no unobserved species might
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