(1) When the computer is carrying out oper-
ations (rather than just trying to remember
some state), the decay of quantum coherence
is inevitably exponential even in the limit of
zero temperature. Nevertheless, (ii) expo-
nential decay is not a reason to give up: It is
the rate of that decay that ultimately mat-
ters. This rate is given by Eq. 12 in the case
studied here, and by 8ZkBT/ﬁA for the tem-
perature-dominated regime. In either case,
by increasing isolation (that is, by making €
small) and making the clock rate A large,
one can take the computation well beyond
the time scale (thermal or otherwise) when
the loss of coherence becomes exponential
with time.

Ultimately, the savior of general-purpose
quantum computing lies in the success of
quantum error correction. It is generally
true that the discrepancy between the cor-
rect state of a quantum computer and the
actual state will initially increase only quad-
ratically in time (t)

|<‘\bactual| ll"ideal>| ? o 1 - (St)z (13)

where 8 is the variance of the difference
between the ideal and actual energy. Thus,
the “watchdog effect” can be used to stabilize
the computation (19), for when the comput-
er is measured often enough, on a time scale
t/v that is short compared with 1/3, it will
stray from the correct evolution only a little,
so that the probability of being correct is

B 27v
|<l!}actual | llﬁdcal)l 2 = |:1 - (—]—}E) ]
(14)

which can be much closer to unity than Eq.
13. Performing a measurement on a qubit at
the instants when it is expected to be in the
eigenstate of the measured observable with
certainty according to [s,y..,) will project the
actual state of the computer into a state closer
't0 [,y and may thus offer a way of imple-
menting such a “watchdog stabilization” (20).
Although this effect is useless once the loss of
coherence becomes exponential (as it is for
spontaneous emission), such a scheme may be
helpful in keeping at bay errors from timing
inaccuracies and environmental differences.
For example, in the linear ion trap computer
(14), both the center-of-mass phonon and the
auxiliary levels of the ions have predictable
occupation numbers at well defined instants
during ideal operation. This promise, coupled
with the results obtained from our analysis of
the impact of decoherence on the quantum
factoring algorithm, bring some hope to the
eventual reality of quantum computers and
motivate further experimental investigations

in this field.
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Correlated Variations in the Solar Neutrino Flux
and the Solar Wind and the Relation to the
Solar Neutrino Problem

R. L. McNutt Jr.

Solar wind parameters from the Massachusetts Institute of Technology (MIT) plasma
experiment on the IMP 8 spacecraft overlap ~19 years of published neutrino flux ob-
servations from the Homestake experiment. A strong correlation is found between neu-
trino flux and solar wind properties, in particular, the solar wind mass flux. The correlation
is significantly better than any anticorrelation with sunspot number and is comparable to
those previously found with photospheric magnetic flux and shifts in p-mode frequencies.
If current notions of solar structure are correct, these observations require new funda-
mental physics of neutrinos. For a proper choice of neutrino parameters, the level of
variations is consistent with resonant conversion of electron neutrinos to a nondetected
flavor eigenstate mediated by the magnetic field in the sun’s convective zone. The solar
wind mass flux may act as a proxy for this field, producing the solar wind-neutrino flux

connection.

The measured average neutrino flux from
the sun is low compared with predictions
based on solar models. This discrepancy, a
factor of more than 3, originally showed up
in the data of the *’Cl experiment in the
Homestake Gold Mine in South Dakota (1)
and is known as the solar neutrino problem
(2). Low neutrino fluxes have been con-
firmed for neutrino energies other than
those measured at Homestake by the Ka-
miokande-II water Cherenkov experiment
(3) and the SAGE (4) and GALLEX (5)
gallium experiments.

The Homestake rate appears to exhibit a
time-variable component. A possible anti-
correlation with solar activity has been
studied by a number of investigators. The
correlation has remained suspect because of
the low counting statistics, questionable
correlation, and difficulty of explanation
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(6-8). Confirmation from the other solar
neutrino experiments now operating is
problematic because of the shorter times
the experiments have been running and
large statistical uncertainties.

Strong (time-dependent) correlations
have been reported between shifts in solar
p-mode frequencies and the Homestake
capture rate (9, 10). Recently an anticorre-
lation of capture rate with photospheric
magnetic flux that is stronger than that
with sunspot number has been found (11);
this anticorrelation increases as flux away
from the center of the solar disk is excluded.
In this report I show that there is a corre-
sponding large correlation between capture
rate and the solar wind flux as measured
near Earth by the MIT plasma experiment
on the IMP 8 satellite.

The solar wind data used here are from
the MIT Faraday cup plasma analyzer (12).
The only significant data gap is from part of
1982 to 1983, resulting from a problem with
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the instrument-mode setting during that
period. The relative calibration of the MIT
experiment has remained extremely stable
over the years since launch; with the use of
continuous data from one instrument on
one spacecraft, issues of intercalibration
with other measurements were avoided
(13).

Data acquired in the solar wind were
averaged over the periods during which
neutrino capture fluxes were monitored for
a given run. For composite variables such as
the solar wind proton flux, the product of
the density and speed was formed from the
hourly averaged density and hourly aver-
aged speed, and these were then averaged
over the given Homestake run. In all,
62,999 hourly averages were formed into 91
bins, which overlap with neutrino capture
runs 31 through 126 (14). These averages
were used for comparison with the neutrino
capture flux data. There are no IMP 8 data
during Homestake run 76 because of the
instrument problem referred to above (15).

The same technique was applied to daily
values of the sunspot number for the same
time period (16). In all, 6796 values of the
daily sunspot number were averaged into 92
intervals. These correspond to the same
bins used for the solar wind parameters,
with the exception that the data for Home-
stake run 76 was left in the sunspot data set.

Neutrinos were presumed to have suffi-
ciently small masses so that they are relativ-
istic and reach Earth from the sun in ~8
min. Hence, the density and magnetic struc-
ture of both the solar wind and the sun
through which a given neutrino travels are
essentially constant in time during the prop-
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agation. The data accumulation intervals for
the neutrino runs were also long compared
with the solar wind propagation time to
Earth (~4 days) and effectively average over
the 27-day solar rotation period and subsolar
heliolatitude range (=7°15") as viewed from
Earth. Given the typical persistence of solar
wind structures over several solar rotations,
correlated variations tend to be reinforced in
the time periods of the individual Home-
stake runs; such persistence can also be am-
plified in the data by averaging.

Use of a boxcar average of the data
points (a low-pass filter) improved the ap-
parent significance of the correlations (6, 9,
11, 17). Sunspot data and 3?Ar capture data
are shown in Fig. 1 as a function of time
with 3-point sliding boxcar averages. The
neutrino capture rate is scaled to the sun-
spot number from a simple linear regression
using the two filtered data sets. The ampli-
tude of the neutrino capture rate variations
is significantly reduced in comparison with
that of the sunspot number variations. The
scaling is from a linear regression with

¥, = ax, + b (1)

with a = —53.1 and b ~ 116. Here, x, are
the 3-point sliding averages of the measured
neutrino capture rate (equal to the produc-
tion rate of 3’Ar), and y, are the scaled
values that are plotted in the figure with a
and b derived from the linear regression (18).

The solar wind (proton) flux and neu-
trino capture rate are plotted in Fig. 2 with
the same format and methodology used for
Fig. 1. The scaling of the neutrino flux is
given with Eq. 1 and @ ~ 1.15 X 10% cm™2

Vand b ~ 3.31 X 108 em™? 57, The

Fig. 1. Sunspot number and neutrino capture rate
(37Ar capture data) as a function of calendar year.
The period covered starts with the beginning of the
IMP 8 mission and goes through the end of the
published neutrino capture data. The neutrino cap-
ture rate has been scaled to the sunspot number
average in the neutrino-run bins based on a simple
linear regression, which is based on 3-point sliding
averages of the binned data (Eq. 1). Note that the
neutrino capture rate is inverted because the corre-
lation coefficient is negative. The end points not
averaged over have been suppressed.

Table 1. Linear regression results. Averages are sliding boxcar averages of both binned data sets: 92
bins are used for the sunspot data (based on daily sunspot number) and 91 bins are used for solar wind
data (based on hourly averages of proton density and proton speed). Probabilities P are two-sided
significance levels for the acceptance of the null hypothesis (that is, that the data sets are uncorrelated).
The z is from Fisher’s z transformation and can be used to compare the significance levels (78).

Sunspots Particle flux
Average
r z P r z P
1-point -0.143 -0.144 0.174 0.202 0.205 0.0543
3-point -0.183 -0.186 0.0800 0.419 0.446 3.60 X 10-%
5-point —-0.213 -0.217 0.0411 0.414 0.440 4,52 X 10-5
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tracking of the two variations is much more
striking in Fig. 2 than in Fig. 1.

Linear regression analyses were also per-
formed on other solar wind quantities. The
largest value of the linear regression coeffi-
cient (Pearson’s r) occurs for the solar wind
particle flux (r = 0.419), although it is large
for any of the solar wind moments (r
0.371, 0.375, and 0.354 for the density,
momentum flux, and product of density and
thermal speed, respectively). Of the quan-
tities examined, only the speed and thermal
speed are less well correlated (r = 0.0843
and 0.0438, respectively) than the sunspot
number (r = —0.183; a negative value be-
ing an anticorrelation).

This analysis has also been applied to the
single data points and 5-point sliding aver-
ages. The correlations in the case of the
3-point averages are always better than those
from just the individual data points them-
selves (Table 1). Formal significance levels
are extremely small for the sliding averages,
but the low-pass filtering (by means of the
sliding average) introduces additional corre-
lations between points, reducing the true
number of degrees of freedom. For the solar
wind mass flux, the 3-point sliding average r
and 30 points yield a significance P of 0.021;
the 5-point regression and 18 effective points
yield a significance of 0.088.

Reported correlations with emergent mag-
netic flux (1) used 5-point running averages
over the period 1970.3 through 1991.6. Ex-
cluding regions with heliographic latitudes in
excess of 5°, the Spearman correlation coeffi-
cient was —43%, not quite as large (in mag-
nitude) as values obtained with the solar wind
mass flux correlation for both 3- and 5-point
sliding averages (Table 2). Comparable corre-
lations and significance levels with respect to
other solar phenomena have also relied on
similar methodology (10).

As a check on the results, nonparametric
tests were applied to the solar wind flux and
sunspot number (Table 2) for each averag-
ing interval (again 1-, 3-, and 5-point slid-
ing averages in the time series). These non-
parametric analyses confirm the linear re-

6x108 i - - ;

Solar wind flux s,

—-—— Scaled neutrino capture rate T
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Solar wind flux (cm2s™)
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Fig. 2. Solar wind proton flux and neutrino cap-
ture rate as a function of calendar year. The neu-
trino capture rate is scaled to the solar wind flux
with linear regression parameters from 3-point
sliding averages of the binned data.




sults: lack of correlation (the null hypoth-
esis) between the solar wind flux and the
neutrino capture rate is very unlikely (less
than 3%) with the individual 91 data
points. This probability compares with less
than 17% for a sunspot correlation.

Since the early 1960s, the density, ve-
locity, and temperature of the solar wind
near Earth orbit have been monitored with
varying degrees of regularity. Long-term
variations in these quantities are difficult to
monitor because of (i) the small amplitudes
of long-term variations, (ii) large short-term
variations, (iii) incomplete data coverage,
and (iv) inherent difficulties in intercali-
brating different instruments on different
satellites (19). Over the long term, the solar
wind mass flux does not vary greatly, con-
sistent with the results reported here. Mass
flux is known to vary with solar wind speed,
and the distribution of wind speed in helio-
graphic latitude and longitude varies with
the phase of the solar cycle (20). Hence,
some variation of the mass flux as seen at
Earth can be ascribed to the excursion of
Earth (and therefore IMP 8) in heliographic
latitude.

The near constancy of the solar wind
mass flux observed near the ecliptic plane is
linked to coronal dynamics that couple to
solar magnetic field structure at lower levels.
Variations are’ the result of varying expan-
sion factors in magnetically open regions
(21): the larger the magnetically open re-
gions, the less the areal expansion and the
larger the mass flux. Although the mass flux
and coronal-hole characteristics and filling
factors vary with solar activity, a clear-cut
oscillatory behavior in the these quantities is
not present. Hence, a correlation between
solar wind properties and the neutrino cap-
ture flux, both of which exhibit aperiodic
behavior, appears all the more remarkable.

A consistent picture is emerging in
which increased neutrino flux corresponds
to (i) decreased line-of-sight magnetic flux
(11), (ii) decreased p-mode frequencies (9,
10), (iii) decreased sunspot number (6, 7),
(iv) increased solar radius (10), and (v)
increased proton and mass flux in the solar
wind (this work). Internal consistencies ex-
ist in this list as well: (i) and (ii) (22), (ii)
and (iv) (10), (ii) and (iii) (23), and (i) and
(iii) (11) are each consistent.

The model of (24) suggests that the av-
erage radial component of the photospheric
magnetic field B, decreases with p-mode
frequencies as observed (11). In spherically
symmetric solar wind models, the ratio of
mass flux to radial magnetic-field compo-
nent is a field-line constant, so larger B,
implies larger flux. However, this is a local
argument and does not take closed fields
into account. Observations show that the
mass flux at the coronal base tends to in-
crease linearly with the (radial) magnetic

[GALLEX () and SAGE " :
(A)] with solar wind flux g 5x 108
. variations (¢). The same < c
conversion to mass flux =
=
as found from the Home- £ 4x108
3
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field there. Similarly, the logarithm of the
mass flux there tends to increase roughly
quadratically with the flux-tube expansion
factor (25). These combined effects result
in a larger photospheric magnetic field cor-
related with a smaller magnetic flux at
Earth, that is, less (net) radial flux (fewer
closed regions) should correspond to lower
areal expansion factors (21) and larger solar
wind flux, as observed. All of these ob-
served variations tend to decrease if larger
averaging intervals are used.

The correlation study with photospheric
magnetic flux supports the hypothesis that
the neutrinos interact with magnetic fields
along their flight paths (11). This hypoth-
esis is also supported by observations of the
solar wind mass flux at Venus. Measure-
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ments are available from the plasma analyz-
er on the Pioneer Venus Orbiter (PVO)
spacecraft from orbit insertion in 1978
through orbit decay in 1992 (Fig. 3).

The PVO data are offset from, but track,
the IMP 8 data from the beginning of 1979
through 1985. From 1985 through the be-
ginning of 1988, the PVO mass flux differs
dramatically from both the IMP 8 flux and
scaled neutrino count rate. During this pe-
riod, PVO (and Venus) were immersed in a
low-speed, high-density solar wind usually
associated with the equatorial streamer belt,
whereas IMP 8 (and Earth) spent most of
this period at higher heliolatitudes and ob-
served different wind properties (26) (the
excursion of Venus from the solar equator is
less than that of the Earth, only ~4°). Both

Table 2. Nonparametric statistical tests for solar wind flux and sunspots. The same data are used as in
Table 1. Here, rgcaman 1S Spearman’s rank correlation coefficient; oy, the variance of sum squared
difference of ranks; 7, Kendall’s 7; o, the variance in the 7 statistic; and P, P, and P_, the corresponding

signifiance levels for these statistics (78).

Average  I'spearman P op Py T g, P,
Solar wind flux

1-point 0.233 0.0263 -2.21 0.0269 0.155 217 0.0297

3-point 0.440 1.29 X 1075 —4.17 3.00 X 107° 0.308 4.33 1.50 X 10°%

5-point 0.450 7.4 X106 —-4.27 1.92 x 1075 0.323 4.53 58 % 107°
Sunspots

1-point  —0.144 0.170 1.37 0.170 -0.112 —1.58 0.113

3-point  —0.0801 0.448 0.763 0.446 —0.0588 —0.830 0.406

5-point  —0.126 0.232 1.20 0.223 -0.0855 —1.21 0.227

Fig. 3. Solar wind proton flux at Venus as moni- 6 X108

tored by the plasma analyzer on board PVO. The 2 -~ PVO solar wind flux o

scales and neutrino capture rate are duplicated o ——— Scaled neutrino capture rate

from Fig. 2. The PVO data overlap Homestake S5x108 : B

runs 57 through 125; 66 runs actually overlap. _’_=:

Solar wind parameters were obtained from Ames = .

Research Center (by means of the World Wide = X1

Web) and processed in the same manner as the <

IMP 8 data; the mass flux is decreased by a factor * 3x108

of (0.72)? to normalize the data to 1 AU. The PVO
fluxes are generally higher than those from IMP 8
because of unmodeled instrument offsets.

Fig. 4. Comparison of
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the gallium experiments

stake data (O) is applied
but reduced by an arbi-
trary factor of 80; error
bars on each measure- 3x108-
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ment are comparable to

[
1991

the measurements themselves. All data are shown as 3-point sliding averages (see Fig. 2). The SAGE
results include 15 runs from January 1990 through May 1992 (4). There is no reported statistical evidence
for variations in the background; the average rate is 73 * 18 (statistical) *3 (systematic) solar neutrino units
(1 SNU = 10738 captures per target atom per second). GALLEX results include 21 runs made from 14
May 1991 through 3 February 1993 (5). Combined analysis for all runs is 87 * 14 (statistical) = 7
(systematic) SNU. More recent results are 79 = 12 SNU; the standard model prediction for gallium

experiments is 132 + 7 SNU (2).
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low-speed flows and high-speed streams are
nonradial near the sun (20) and are not
necessarily representative of the region tra-
versed along a radial path by the neutrinos.
Such flow and solar activity not linked to
the neutrino modulation mechanism could
explain the relatively worse correlation be-
tween solar wind and neutrino fluxes in
Figs. 2 and 3 from ~1988 through the end
of the data in 1992 (part of the increase at
the end of 1991 is an artifact associated
with the end of the PVO mission before
entry into the atmosphere of Venus).

The SAGE data runs (Fig. 4) have no
counting events during times of low solar
wind flux. High rates are found during the
summer of 1991 (and in Homestake run 117),
coincident with major solar activity that pro-
duced radio emissions from the outer helio-
sphere, although this is also the period that
the correlation of the Homestake data with
the solar wind mass flux is not as good as for
previous periods. However, the peak rates in
the radiochemical experiments occur in nom-
inally nonoverlapping runs. Furthermore, sim-
ilar solar activity levels in mid-1982 through
early 1983 produced no correspondingly
anomalous rates in Homestake runs at corre-
sponding times (runs 75 and 76) (27). The
relatively few data points and large counting
and systematic errors.make identification of
temporal varjations problematic. No consis-
tent pattern of time variation is suggested by
either the peak values or the current series of
gallium detector data. There may be a sugges-
tion of a correlation between the IMP 8 and
SAGE data, with some lag in the solar wind
data. There has been no significant time vari-
ation reported in the Kamiokande-II experi-
ment (3).

Proposed solutions to the solar neutrino
problem can be classified as astrophysical or
nonastrophysical. Astrophysical solutions pos-
it that the production rate of the neu-
trinos is not calculated correctly because of
some fundamental flaw in our understanding
of how the sun produces energy. Suppressed or

fluctuating neutrino fluxes result from condi-
tions in the solar core (6). However, these
solutions are not consistent with detailed re-
sults from helioseismology (28). Nonastro-
physical solutions suppose that the production
rate of the neutrinos is calculated correctly
(8), that there is no link between the solar
core and (short-term) photospheric varia-
tions, and that the suppressed fluxes moni-
tored at Earth are caused by neutrino physics
outside of the standard model of electroweak
interactions (8, 28, 29).

The variations in p-mode splittings,
emergent magnetic flux, and solar wind flux
with the neutrino capture flux suggest a
connection between solar activity and ex-
tended neutrino physics in the convective
zone of the sun (30). The observed time
variations do not support other nonastro-
physical solutions (8).

Although a magnetic moment is acquired
by massive Dirac neutrinos, it is too small to
couple effectively to the solar magnetic field.
A further extension of electroweak theory can
provide sufficiently large magnetic moments
p, ~ 107%, . (30) (where ppg,, is the
Bohr magneton), although such large values
may violate limits derived from neutrino ob-
servations of supernova SN 1987A (31). En-
ergy and time dependencies are coupled to
this solution if neutrinos are massive and if
the spin-flip is moderated by a resonance sim-
ilar to that in the MSW (Mikheyev-Smirnov-
Wolfenstein) effect (32).

If the mass difference parameter A, =
m,> — m? > 0 is sufficiently small for
convection zone resonance (32, 33), then
all of the fusion neutrinos are born well
above their resonant density. The survival
probability of electron neutrinos (v,) can be
estimated as (32)

1

5 €

2
2 \/1 + L2 L}, cos® 20
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Fig. 5. (A) Model calculation 10—
of the probability of electron

neutrino survival as a func- 0.8
tion of energy from the "'Ga =
threshold (0.2332 MeV) to =06
the cutoff energy for hep E
neutrinos (18.77 MeV) (8). 2%
The electron density is con- 02
structed from models in (8) ’
and (36). The (toroidal) mag- 0.0
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Ag=1.0x108gV2
,=1.5x10710p,

netic field is taken to vary as
B ~ n,'"® (n,, number den-

Energy (meV)
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sity of electrons) throughout the convective zone and is normalized to 2.5 kG at 0.91 times the radius of
the sun (24); B, is set to 1.0 kG and the magnetic field is set to zero everywhere inside the convective zone
[assuming the solar dynamo is confined there (30)]. The solid line shows the survival probability for
“‘average” field conditions. The dashed line corresponds to a field strength that is 30% higher than
average, and the dotted line, to a strength 30% lower than average for the neutrino parameters shown.
(B) and (C) show the same probability as a function of the radial location of the spin-flip resonance and the

corresponding resonant density, respectively.
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where the argument of the exponential is
evaluated at the resonant density (34). For
a spatially varying magnetic field, the effec-
tive vacuum value By, is less than the reso-
nant value B, and should be about the

S

same for all neutrinos, whereas B, varies
with energy because the magnetic field, a
function of location, varies with the reso-
nant density.

As an example (Fig. 5), for Aycos(20) ~
1078 eVZand p, ~ 1.5 X 10719 pg,,
plausible levels and variations in the surviv-
al probability can be reproduced. All neu-
trinos pass through an MSW resonance as
well (32), but the resonance is nonadiabatic
and has no effect. Intermediate energy neu-
trinos are both suppressed and modulated
the most (2); low-energy neutrinos (4, 5)
are not suppressed as much because most of
them pass through corresponding resonanc-
es in the radiative zone (32), where the
magnetic field strength is small. Small pen-
etrations of large field strengths to lower
levels could produce large excursions in
neutrino flux. Less time variation occurs in
the higher energy neutrinos (3). Measured
suppression levels can be explained by de-
tection of the converted neutrinos but with
less efficiency (33). The solar wind mass
flux is a proxy for the magnetic field
strength in the convection zone (Eq. 2) and
provides the physical link between the solar
wind and neutrino fluxes.
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AFM Fabrication of Sub-10-Nanometer
Metal-Oxide Devices with in Situ Control
of Electrical Properties

E. S. Snow and P. M. Campbell

Metal wires and metal-oxide-metal junctions were fabricated by anodic oxidation with the
conducting tip of an atomic force microscope (AFM). The width of the wires and resistance
of the junctions were controlled by real-time, in situ measurement of the device resistance
during fabrication. Because the properties of nanometer-scale devices are very sensitive
to size variations, such measurements provide a more accurate method of controlling
device properties than by controlling geometry alone. In this way, structures with critical
dimensions of less than 10 nanometers were fabricated with precisely tailored electrical

properties.

The electrical characteristics of device
structures with feature sizes of 10 nm or less
are extremely sensitive to variations in size.
Because of this sensitivity to local geometry,
reproducible device characteristics require
near-atomic control of the fabrication. Al-
though a few lithographic techniques can
produce features in the 10-nm size regime
(1), it is unlikely that one can achieve
reproducible device properties in such small
structures through control of device geom-
etry alone. However, the use of a high-
resolution processing technique in conjunc-
tion with real-time in situ measurement of
device properties during critical fabrication
steps as feedback for process control should
allow the fabrication of devices with fea-
tures smaller than 10 nm with precisely
tailored electrical properties.

To implement such an approach, we
need a fabrication process that does not
interfere with the measurement of device
properties during fabrication. One such pro-
cess is atomic force microscope (AFM)—
based anodic oxidation, a relatively new
technique that has proven useful for lithog-
raphy and device fabrication in the sub-
100-nm size regime (2, 3). An electrically
biased AFM tip in contact with a surface is
used under ambient humidity to produce a
local surface oxide. Because the oxidation
process produces no measurable current
flow between the tip and sample, and be-
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cause the technique can produce small fea-
ture sizes with no proximity effects (2), this
process is well suited for the tailoring of
small structures controlled by in situ elec-
trical measurements. :

In this report, we describe the use of in
situ electrical measurements to control the
fabrication of metal-oxide device structures
with feature sizes ~10 nm. We used AFM
anodic oxidation of thin Ti films to fabricate
fine metal wires and Ti-TiO,-Ti lateral junc-
tions. Both the wire width and the junction
resistance are controlled by in situ real-time
measurement of the device resistance. In this
way, metal wires with widths of 5 to 10 nm
were achieved with predetermined resistance
values. Such structures demonstrate the po-
tential of in situ electrical measurements to
produce devices of size <10 nm with precise-
ly controlled electrical properties.

The scanning tunneling microscope
(STM) under appropriate bias conditions
can be used to selectively oxidize nano-
meter-sized regions of a H-passivated Si sur-
face (4). A similar technique can be used to
oxidize the surface of deposited Ti films (5);
this oxidation process can completely pen-
etrate suitably thin Ti films to produce lat-
eral metal-oxide-metal device structures
with variable junction resistance (6). Re-
cently, such junctions were used to fabricate
a single-electron tunneling device that was
operational at room temperature (7). Be-
cause these and similar structures require
feature sizes of order 10 nm, it is necessary
to develop fabrication schemes such as de-
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