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trons is included correctly if we allow the plasma
wave to damp beyond the shelf region. After all,
the momentum carried by the hot electrons is
just that of the plasma wave prior to its damping
during which it releases its momentum and ener-
gy to a small number of electrons. In addition,
we have previously shown? that fluid equations
and particle simulations give the same conver-
sion efficiency to the plasma wave independent
of its subsequent damping and generation of ener-
getic electrons. Thus the lowest-order effects
of the hot electrons are included in this physical
model. As further evidence that the hot-electron
effects are present we show in Figs. 3(c) and 3(d)
the late-time density profiles obtained from a
hybrid-code simulation and a PIC electron-ion
simulation of the interaction of a high-frequency
capacitor field with an expanding plasma. This
PIC simulation shows that 5% of the electrons
at critical density are accelerated toward the
low-density region to 5 times the initial electron
thermal speed. Note that the hot-electron pres-
sure is comparable to the background pressure,
typical of high-power laser-plasma simulations,?
Even in the presence of these energetic electrons
near the critical region, the density profile of
the PIC simulations shows insignificant deviation
from that obtained with the hybrid-code simula-
tion. The detailed profile modification observed
in simulations has also been seen in laboratory
experiments.® In the hybrid model above, the
increase in the background temperature resulting
from the absorption of the laser energy has been
neglected.

The earlier pioneering work by Kidder® differs

from this calculation because it was not self-con-
sistent and did not include the effects of enhanced
resonant absorption.*®
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We report a new method of measuring thermal-equilibrium properties of vacancies in
metals through current-noise measurements. Aluminum noise spectra taken at 435 and
475°C directly yield vacancy lifetimes 7p=4.7x 1073 and 2.8x107° sec, respectively, cor-
responding to a migration energy E,, =0.6 eV, and permit estimation of a unit vacancy
resistivity Ap, =1.9x10"% @m/at.% from the measured product (Ap,)?n,, 1, being the
vacancy concentration taken from literature data.

The contribution of vacancies to the resistivity
of metals is generally obtained under nonequilib-
rium conditions.!”® So far measurements in ther-
mal equilibrium have only been performed by
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measuring the resistivity of the metal* % or its
temperature coefficient’” 7 up to the melting point
and subtracting the estimated resistivity of an
ideal lattice without point defects. This last



VOLUME 36, NUMBER 1

PHYSICAL REVIEW LETTERS

5 JANUARY 1976

estimation is the major weakness of such a meth-
od.?

In the present paper, we propose a new method
of measuring the effect of vacancies on the re-
sistivity of a metal in thermal equilibrium, to-
gether with other parameters of physical inter-
est. This method is based upon the study of the
current noise generated by vacancy number fluc-
tuations in a small specimen. With respect to
the techniques previously quoted, this seems to
be the most precise and sensitive method to ob-
tain equilibrium values of the resistivity change
per unit vacancy concentration, besides other
physical quantities, like vacancy lifetime.

Actually, it is a well-known fact that metals
far from the melting point do not present de-
tectable current noise.® The only noise compo-
nent in a metal filament is the Johnson noise,
which is independent of the current through the
filament. However, as shown below, according
to the literature data on resistivity and on the
heat of formation and the heat of migration of
vacancies, the effect of vacancy number fluctua-
tions on the resistivity of most metals in ther-
mal equilibrium at a sufficiently high tempera-
ture should be a measurable quantity with the
presently available extra-low-noise amplifiers,
provided that cross-correlation analysis tech-
niques are used. The small active volumes and
the good heat dissipation required to support suf-
ficiently high current densities can be obtained
without too much difficulty at least in the case of
good conducting materials.

Suppose that each vacancy in the specimen gives
rise to a resistance change AR during its life-
time 7 and that the total resistance change in the
specimen is proportional to the number N of va-
cancies present in the specimen. Further as-
sumptions are that the events of creation or an-
nihilation of a vacancy are statistically independ-
ent and that the lifetime 7 of each vacancy is a
stochastic variable distributed according to an
exponential law:

P,(7) =7'o-leXp("T/70), 1)

where 7, is the average lifetime of the vacancy.
Equation (1) is equivalent to assuming that the
annihilation probability of each vacancy in each
time interval Af during its life is constant (uni-
form sink distribution).

The total resistance change of the specimen due
to vacancies can be described as a superposition
of rectangular pulses of amplitude AR and dura-

tion 7. Because of the assumed statistical inde-
pendence of vacancy creation or annihilation
events, the power spectrum of voltage noise
when a current I, is flowing in the specimen con-
taining an average number N of vacancies can
thus be easily computed'®:

T
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In Eq. (2) J, is the current density, ! and S are,
respectively, the length and the cross-sectional
area of the specimen, Ap, is the resistivity
change per unit vacancy concentration in atomic
percent, C, is the number of atoms per unit
volume, and 7, is the vacancy concentration per
atom.

Equation (2) gives a shot-noise spectrum whose
cutoff frequency is simply related to the vacancy
average lifetime. Introducing recent data pub-
lished in the literature® into Eq. (2), we expect
a noise spectral density of the order of 5X10™2°
V?/Hz, with reasonable values of the other quan-
tities involved. For a temperature of the order
of 450°C a cutoff frequency of the order of ~ 40—
60 Hz can be estimated.

Experiments were made on aluminum films 1.5
pm thick, 154 m wide and 3 mm long, having an
electrical resistance of about 10 © at 400°C, ob-
tained by photoetching techniques on an oxidized
silicon wafer. These films, covered by a SiO,
protecting layer, were enclosed in a transistor-
like container filled with N, and placed in a Mu-
metal-screened dc electrical furnace. Measure-
ments were taken from room temperature up to
475°C, an upper temperature limit for the spec-
imen reliability. Current density was 3.6x10°
A/m?, sufficiently low to avoid important elec-
tromigration effects. In the analysis frequency
range (6 Hz to 5 kHz) used no current noise was
detectable at temperatures lower than about 300°C
and a good spectral analysis was only possible
near the highest temperature.

On account of the expected extremely low cur-
rent noise, cross-correlation techniques were
used, employing a Model No. 3721A Hewlett
Packard correlator equipped with a Model No.
3720A Hewlett Packard spectrum display. Two
battery-fed extra-low-noise Brookdeal pream-
plifiers, Model No. 9431, and two General Radio
filters, Model No. 1952, were used to select
sufficiently narrow bands for best data analysis.
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Filtered noise was recorded on an FM eight-
channel SE Labs EMI Ltd. Model Eight- Four
magnetic tape recorder to make subsequent anal-

ysis easier.

The use of a shielded room was also necessary
during data detection. With use of an average
time of the order of 2%X30 min (to correct for
slight phase shifts, cross correlation was taken
twice with inverted channels and was averaged by
using a special feature of the Hewlett Packard
spectrum display), sensitivity turned out to be
better than 5x10°2! V2/Hz down to 5 Hz.

Current noise was measured as a difference be-
tween noise spectra taken, respectively, with and
without current in the specimens. In the second
case, results were coincident with the expected
Johnson noise spectra. Preliminary results are
reported in Fig, 1, where the voltage spectra
refer to a single specimen (two identical speci~
mens were actually used as arms of a bridge to
avoid a dc component at the preamplifier inputs).

In order to confirm that the structure shown by
these spectra has a real physical meaning and is
not due, for instance, to a systematic error of
the measuring device, measurements were also

POWER SPECTRUM (V2/Hz)

-8,

performed by simply substituting the aluminum
specimens with two carbon resistors of the same
electrical resistance (~10 ) and supplying suf-
ficiently low current to get a current noise of the
same order of magnitude as the one measured on
the films. As expected, the power spectrum was
in this case a perfect straight line having a 1/f
slope. Checks were also made to exclude noise
contributions due to ion diffusion through the SiO,
insulating layer.

As shown in Fig. 1 the experimental spectra
can be considered as a superposition of a shot-
noise component, of the type given by Eq. (2),
and a low-frequency component which decreases
very rapidly with frequency, with a slope of
absolute magnitude greater than 2.

This last component could be due to the cur-
rent noise generated by spurious effects, such
as grain boundary movements in the specimen.

If such movements occur by steps, as highly
probable, there are sudden, small changes of
conductivity which give a current noise having
just this type of spectrum. Another possibility

is that vacancy creation or annihilation processes

‘are not statistically independent, as assumed in
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FIG. 1. Power spectra of current noise in Al thin films taken at two different temperatures with a current density
Jy=3.6X 10° A/m?. Dashed curves represent a best-fit decomposition of experimental data. Data fluctuations for a
single spectrum point are represented by vertical bars. Points are averages over ten samples.
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TABLE I. Single-vacancy lifetime 7j, product of the square of unit vacancy
resistivity and the vacancy concentration (Apv)znv, average number of vacancy

jumps ng4, vacancy migration energy E

and unit vacancy resistivity Ap,, in

aluminum from noise-spectra measurements.

Temperature Ty (Ap')zn,, E, Ap,
¢ (sec) [(2 m/at.%?] ng V) (2 m/at.9)
435 4,68x107° 1.3x107% . 1.87x1078
475 2.80x10"3 2.3%10720 8x10 0.6 1 85%108

deducing Eq. (2), but that sources and sinks are
present in the specimen, which create or anni-
hilate vacancies in groups. Even in this case
the power spectrum is the sum of a spectral
component, which is the same as if events where
uncorrelated [and is thus given by Eq. (2)], and
a correlation term which, in case of clustering,
gives a low-frequency component with a slope

of absolute magnitude =2,

In both cases, through Eq. (2), the shot-noise
component can be used to obtain the single-va-
cancy lifetime 7, (from the cutoff frequency of
the spectrum) and the quantity (Ap,)?n,. Intro-
ducing the values of 7, at two different tempera-
tures in the well-known formula for vacancy
jump rate,'? one obtains (with a frequency factor
3.66X10'% sec™! as suggested by Seeger and
Mehrer'®) the average number of jumps z, of a
vacancy before annihilation and the migration
energy E,. The contribution to resistivity per
unit vacancy concentration Ap, can be derived at
each temperature by computing 7, from the ex-
pression

0, =exp(S;/k) exp(- E;/kT). (3)

The formation energy E; and the formation entro-
py Sy are assumed to be, according to recent
literature data for aluminum,® E;=0.66 eV and
S;=0.6%.

The values of all measured and derived quan-
tities are listed in Table I. Good agreement with
recently published data is found for E,..'* Ap,
values found in recent literature range from 1.07
X10781 t0 2.9x10°2 Q m/at.%.” Also the values
of ng given in the literature are rather uncertain
and only rough estimates are available? (107 <n
<10%).

Finally it may be pointed out that this method
allows a good precision in the measurement of
Ap, because the spectrum amplitude depends on
the square of this quantity. The error involved
as a result of uncertainties in spectra detection

and subsequent graphical decomposition is esti-
mated to be less than 10%. As to the divacancy
contribution to resistivity which, because of the
different lifetime, should be observed as a fur-
ther step in the spectrum, it results below the
sensitivity limit of the present experimental set-
up.

These results must, however, be considered as
preliminary. Better specimens are now being
prepared to extend the spectral analysis to tem-
peratures higher than 475°C.
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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



