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Nonlocal Potential Measurements of Quantum Conductors
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Multiterminal measurements of magnetoresistance fluctuations in silicon inversion-layer nanostruc-
tures are extended to probe spacings L &&L&, the phase-preserving diflusion length. Unlike for L & L~,
the sizes of the voltage fluctuations are independent of L, and have novel correlations consistent with in-
dependent potential fluctuations of each probe. The corresponding "conductance" fluctuations bG(L)
are »e2/h; however, this can be understood if each pair of probes effectively measures voltage fluctua-
tions at scale Z~, determined by the condition hG(Lt, ) =e /h.

PACS numbers: 72. 15.Gd, 72.20.Dp, 72.20.My, 73.40.QV

Electrical resistance measurements on small metal
wires have revealed the existence of random quantum in-

terference phenomena inside disordered conductors. '
At low temperatures, electrons diA'use a distance L& as
large as 1 pm before quantum phase information is de-
stroyed by inelastic scat tering. Because such length
scales are experimentally accessible, this allows us to
study concretely how measurement probes interact with

a quantum system.
Our approach is to measure multicontact silicon

inversion-layer devices with a narrow conducting channel
and closely spaced side branches used as potential
probes. Our overall results are as follows. When a
current I flows in the channel, reproducible quantum in-
ter ference causes the voltage drop V~ between two
probes i and j to be a fluctuating function of magnetic
field, as shown in Fig. 1 (R;~ =V~J/I) In our new ex. peri-
ments at probe separations L;~ & L&, the statistical corre-
lations between the field traces for various i,j reveal that
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FIG. 1. Resistance measured between various pairs of

probes for the short device with 0.15 pm probe spacing.

the electrochemical potential of each probe fluctuates in-

dependently with respect to its neighbors. The average
voltage drop is proportional to L;~ but the root mean
square amplitude of the fluctuations is independent of
L;~. This amplitude is the same as that of the voltage
fluctuations between probes spaced approximately L&

apart, which corresponds to the "universal conductance
fluctuations" of magnitude e /h that have been of con-
siderable recent interest. The magnetic field scale for
the fluctuations indicates the area over which magnetic
flux perturbs the interference, and also is characteristic
of L~. ' ' Thus we conclude that, as far as the quan-
tum conductance fluctuations are concerned, our four-
terminal measurement that attempts to probe inside a re-
gion of quantum interference gives results characteristic
of the system as a whole, including the measuring
probes.

Before describing the experiment further, we consider
certain fundamental issues. Quantum mechanically the
two-terminal resistance of a composite resistor is not
simply the sum of its component resistances measured
separately. But this does not describe a multiterminal
measurement. Existing multiterminal quantum mod-
els ' emphasize that each voltage probe connects the
conducting channel to a macroscopic measurement reser-
voir associated with phase randomization. For slow
changes of external parameters, the potential of each
reservoir adjusts to cancel net current flow through the
probes. For suSciently high-impedance voltmeters, the
potential differences between these macroscopic reser-
voirs can be logged without a significant perturbation of
the system, and can therefore be added and subtracted to
infer additional combinations. (The left side of Fig. 1 is
formed by our adding together traces on the right side. )
That simultaneous measurements with fixed probes are
additive does not imply that the measurements would be
unaN'ected by our physically connecting or disconnecting
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FIG. 2. Amplitude of resistance fluctuations as a function of

probe spacing for the long and short devices, sho~ing distinctly
different dependence.

a probe, since electrons do disuse into and out of the
probes, and the change of even a single scatterer is ex-
pected to change substantially the interference pat-
terns. ' '

In this experiment we compare the behavior of two de-
vices, a "short" one with 150-nm probe spacing and a
"long" one with 5-pm probe spacing. Each has a 250-
nm-wide channel and 50-nm-wide probes that quickly
broaden to 100 nm. Because the electron density in the
inversion layer is controlled by the gate, each device
represents many distinct specimens. We present data for
T—0.4 K and gate voltages 6-8 V above threshold
(—600 0/Cl, mean free path I=40 nm), where the in-

elastic diA'usion length of these devices is expected to be
about 1 pm. ' (L&=(Dr;„)', where D is the diffusion
constant and r;„is the inelastic-scattering time. ] Thus
the short device contains many probes inside a single
quantum unit of size L&, while the long device contains
many quantum units between each pair of probes.

Our data consist of fluctuating traces of resistance R;~
versus magnetic field at difrerent gate voltages. We
measured the R;~ with 1-nA ac currents at 15 Hz, simul-
taneously monitoring the voltage drops between three
diff'erent pairs of probes with lock-in amplifiers, subse-
quently constructing other combinations by additivity.
Figure 2 shows the root mean square amplitude of such
traces, as a function of probe spacing. Each point com-
bines data from six diflerent gate voltages in the range
7-8 V, and also averages together the results for pairs of
probes with the same spacing. At large probe spacings,
the fluctuation amplitude increases as the square root of
the length. This represents the uncorrelated addition of
the resistance fluctuations across many channel segments
of size L&. The partial cancellation that results from
such addition is the essence of the self-averaging behav-
ior that causes the "universal" fluctuations (at scale L&)
to become relatively less important in large sys-
tems. ' ' At small probe spacings, in contrast, the
amplitude remains constant. This change of behavior
occurs at scales of order L&, and is equivalent to a change
in the statistical correlations between the diA'erent addi-
tively related measurements.

To understand how the fluctuation amplitude can be
independent of probe spacing, consider Fig. 1. Each
trace is labeled by the closely spaced (0.15-0.45 pm)

probes (1-4) involved in its definition. All amplitudes
are comparable. The ave~age resistance increases with
distance between probes, but the cumulative fluctuation
amplitude remains constant, because of significant can-
cellations. For example, the prominent feature below the
label "31"is associated primarily with probe 3 (i.e. , does
not appear in "41" and "21"). Because probe 3 sub-
tracts from "43" and adds to "32," this feature contrib-
utes to each with opposite sign. The correlations be-
tween adjacent traces in Fig. 2 (approximately +50% on
the left and —50% on the right) are typical of the corre-
lation coefficients of the entire data set (for closely
spaced probes).

This pattern diflers from the expected correlations for
widely spaced probes that primarily measure the accu-
mulated voltage drops across many independent quan-
tum units in the channel between the probes. The corre-
lation coefficient (normalized covariance)

Cqi( =g(AR~qARk()/[g(&R~q) g(&RI() ] '

in such an independent-segments model should simply be
the normalized overlap between channel segments:
L;~ &Lk~/(L;, Lkl]', which ranges from 0 for segments
that do not overlap to 82% for two segments out of three.

Instead, the correlations are consistent with a simple
independent-probes model: The potential of each mea-
suring probe fluctuates independently with respect to its
neighbors. Each trace is defined by the independent fluc-
tuations of two probes, and the correlation coefficient be-
tween simultaneous traces for closely spaced probes aver-
ages to 0 or ~ 50% dependent upon whether and how a
probe is shared in the relevant measurements.

For each configuration of two pairs of probes defining
two simultaneously measured traces, we compute the ex-
perimental correlation coefficients between those traces
and average them for diferent gate voltages. We further
average over equivalent configurations. The statistical
uncertainty is typically 5%-10%, and the correlation be-
tween simultaneous measurements of long segments with
pairs of probes on opposite sides of the channel averages
98%. Figure 3 shows experimental data (circles) for
both long and short devices, in comparison with the
model-dependent expectations (rectangles) described
above. The vertical axis presents the diA'erent possible
pairings of probes. Our two models are distinguished
most clearly by the cases of shared probes without over-
lapping segments (top two configurations), and of over-
lapping segments without shared probes (fourth and fifth
configurations). ln the long devices the channel between
the probes dominates the correlations, while in the short
devices the probes themselves dominate,

In the short device, the magnetic field scale of the fluc-
tuations also demonstrates that they are not a locally
determined property of the channel between the probes.
For the universal conductance fluctuations, a magnetic
flux (field times relevant area) of order h/e is required
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FIG. 3. "Theoretical" and experimental correlation
coefficients for various nonequivalent pairs of segments. The
nature of the pairs are indicated schematically on the left, in

order of increasing expected correlation. The long devices
(L;, & L~) agree with the theoretically justified independent-
segments model, while the short devices (L;, & L~) agree with
the empirically suggested independent-probes model.

to change significantly the interference effects. ' For
our closely spaced probes, B, =0.05 T, independent of
segment length. This corresponds to 2.4h/e in an area
of 0.8 pmx0. 25 pm, or in a 0.45 pmx0. 45 pm square
(in view of the fact that the diflusion also spreads into
the probes, which occupy considerable area). The auto-
correlation functions of the long segments also have

B, =0.06-0.10 T corresponding to units of channel
0.7-0.4 pm long. Thus, even though theoretical and ex-
perimental definitions of the relevant quantum areas con-
tain possible factor-of-2 uncertainties, the crossover in

behavior in Fig. 2 does correspond approximately to the
scale L&, and the independently fluctuating probes at
closer spacings respond to interference eAects throughout
a region of approximate size L&.

An independent measure of L& might be obtained from
weak-localization eAects, which are most clearly ob-
served in large specimens in which the random fluctua-
tions average away. ' The average trace for the long
segments, unlike for the short ones, does show a weak-
localization peak at low fields. Our data unfortunately
stop just short of zero field and are perturbed by
significant random fluctuations, but are consistent with
an L& of approximately 0.5 pm (with factor-of-2 accura-
cy).

Our overall results can be interpreted as showing that
the spatial scale for nonlocal contributions ' ' to the
conductivity from random quantum interference (L&) is
much greater than the spatial scale of the average con-
ductivity, which is the mean free path I. Thus, when a
current I is diffusing between two contacts, the randomly
directed microscopic currents excited in the channel
aftect regions of size L&, including the potential probes,
and no special physical process occurs at the attachment
point. The essential physics is that the potentials of

measuring reservoirs fluctuate independently (with
respect to each other) for probes spaced less than L&
apart. This plausible but previously unknown fact has
also been observed by Benoit el al. ' Figure 2 shows
that the magnitude of these potential diff'erences is ap-
proximately constant for separations up to L~. Thus, in a
sense yet to be fully specified theoretically, ' the mea-
sured fluctuations are characteristic of scale L+' Our
results are consistent with the philosophy that one cannot
probe inside a quantum system without the probe
aAecting the measurement in an important way. Our re-
sults do not rule out the possibility, however, that less in-
vasive probes can be devised.

Because of the nonlocality, care must be exercised in
the interpretation of the experimental quantities R;~= V~/I and G;J =I/V~ as resistances and conductances.
They are a property of the entire multiprobe structure,
not just of the channel between the attachment points of
the probes. In some cases, such as when the voltage fluc-
tuations between two closely spaced probes become
larger than the average voltage drop between them, even
the experimental definition is problematic. Nevertheless,
it is important to note the experimental implications of
the short-length-scale behavior, expressed in terms of
these quantities, in connection with the universal conduc-
tance fluctuation theory.

Previous calculations of conductance fluctuations are
based on an ideal two-terminal model of the measure-
ment, in which a disordered conductor of length L is con-
nected via perfectly ordered leads to two phase-
randomizing reservoirs. Such a configuration basically
measures current fluctuations at constant voltage,
whereas a multiterminal configuration measures voltage
fluctuations at constant current. In the two-terminal
theory, no phase-preserving excursions into the leads and
back are allowed. Thus, at T=O, L& is by definition
equal to L, the distance between the "leads. " In this
case, the conductance fluctuation is predicted to have a
universal amplitude of approximately e /h, in reasonable
agreement with the experimental 6;~- for probe spacings
L;~ =L& that we found in Ref. 6. There we also found
good agreement with the theory for L & L&, which gives
conductance fluctuations smaller than e /h, by interpret-
ing L as our probe spacing L;~. In Ref. 6 we noted that
some of our data corresponded to probe spacings L;~ & L&
with 6G ) e /h. But by comparing these limited data
with an unwarranted extrapolation of the long-length-
scale theory, we missed the crossover to the interesting
new regime encountered here, and claimed an incorrect
extra half-decade agreement with the existing universal-
conductance-fluctuation theory. A correct extension of
the theory to scales L & L& will clearly have to take the
multiterminal configuration into account.

As a final point, we note that the probe-spacing depen-
dence of both the G;~ and R;~ changes at scale L&. On
the assumption that the fluctuations are small compared
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to the average, 6G,i is just 6R;t/(R;i), where the aver-
age (R;1) over fields is proportional to L;i '.Even if the
R 'j were completely correlated so that the 6R;j were pro-
portional to I;i, the requirement that probes separated
by L& correspond to 8G =e /h, together with the addi-
tivity discussed above, would result in a rigorous lower
bound for 6G;i of (Lt/L;J)(e /h). In fact, we have seen
that 6R;j becomes independent of probe spacing. Thus
6G;, varies as (L&/L;i ) (e /h ), in contrast to its

(LJL;i) / dependence at long length scales. ' In our
present experiment, 6G;i is 20e /h for the most closely
spaced (0.15 pm) probes. It follows the inverse-square
dependence on spacing, and extrapolates to a conduc-
tance I]uctuation of e /h at 0.66 pm, again roughly con-
sistent with our estimates of L~.

The authors would like to thank A. M. Chang and
G. L. Timp for providing the low-temperature facility
and instrumentation that made this experiment possible,
P. A. Lee for stressing the unity of the phenomena for
L ( I

&
and asking "conductance of what?, " and Y. Imry

and H. Baranger for helpful discussions.

'C. P. Umbach, S. Washburn, R. B. Laibowitz, and R. A.
Webb, Phys. Rev. B 30, 4048 (1984).

~A. Douglas Stone, Phys. Rev. Lett. 54, 2692 (1985).
3P. M. Mankiewich et al. , J. Vac. Technol. B 4, 380 (1986).
~B. L. Al'tshuler, Pis'ma Zh. Eksp. Teor. Fiz. 41, 530 (1985)

[JETP Lett. 41, 648 (1985)]; P. A. Lee and A. Douglas Stone,
Phys. Rev. Lett. 55, 1622 (1985); B. L. Al'tshuler and D. E.
Khmel'nitskii, Pis'ma Zh. Eksp. Teor. Fiz. 42, 291 (1985)

[JETP Lett. 42, 447 (1985)].
5P. A. Lee, A. Douglas Stone, and Hidetoshi Fukuyama,

Phys. Rev. B 32, 1039 (1987).
W. J. Skocpol et aI. , Phys. Rev. Lett. 56, 2865 (1986), and

references therein.
7R. Landauer, Philos. Mag. 21, 863 (1970).
~H. -L. Engquist and P. W. Anderson, Phys. Rev. B 24, 1151

(1981).
9M. Buttiker, Phys. Rev. Lett. 57, 1761 (1986), and unpub-

lished.
' S. Maekawa, Y. Isawa, and H. Ebisawa, J. Phys. Soc. Jpn.

56, 25 (1987).
''B. L. Al'tshuler and B. Z. Spivak, Pis'ma Zh. Eksp. Teor.

Fiz. 42, 363 (1985) [JETP Lett. 42, 447 (1985)]; Shechao
Feng, P. A. Lee, and A. Douglas Stone, Phys. Rev. Lett. 56,
1960 (1986).

'2W. J. Skocpol, in Physics and Fabrication of Microstruc
tures and MicrodeI. ives, edited by M. J. Kelly and C. Weis-
buch (Springer-Verlag, Berlin, 1986), p. 255.

'3Y. Imry, Europhys. Lett. I, 249 (1986).
'4C. P. Umbach et al. , Phys. Rev. Lett. 56, 386 (1986).
'sNumerical simulations (Ref. 5) show that the half-width 8,

of the autocorrelation function is about 2.4h/e divided by the
device area (width times L&) for the smaller of two devices.
That value of 2.4 gave a reasonable account of our data in Ref.
6; this coefticient is an obvious source of uncertainty in our
knowledge of Z~.

' A. D. Benoit, C. P. Umbach, R. B. Laibowitz, and R. A.
Webb, preceding Letter [Phys. Rev, Lett. 58, 2343 (1987)].

' Factor-of-2 uncertainties in various coefficients are not
resolved by these measurements.

' For our data set, the three nominally identical short seg-
rnents have average resistances of 336, 386, and 369 0, corre-
sponding to 2.44 kB/ttm, compared to 2.46 kit/ttm for the
long segments.

2350


