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Resistance fluctuations in difFusive transport at high magnetic fields in narrrow Si transistors
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%e have studied the aperiodic resistance fluctuations at millikelvin temperatures in 90-nm-wide sil-

icon metal-oxide-semiconductor Seld-efFect transistors at high magnetic fields. In the absence of the

quantum Hall efFect, the correlation length of the fluctuations in magnetic field shows dips commensu-

rate with the Shubnikov-de Haas oscillations in the resistance. These can be explained by the formation
of phase-coherent electron trajectories that contain both diffusive parts in the bulk and skipping parts
along the boundaries.

In small, disordered metallic samples whose size is

much larger than the elastic scattering length l but com-

parable with the phase-coherence length L&, one sees

reproducible aperiodic fluctuations in the transport

coefficients as a function of magnetic field B and Fermi

energy Ez resulting from quantum interference. ' s At
low B, such that to, r~ 1, where to, is the cyclotron fre-

quency and r is the bulk elastic-scattering time, the fluc-

tuations in the conductance have an amplitude close to
the universal value e /h. Their correlation length B, is

independent of B, being roughly equal to the flux quan-

tum Po=h /e divided by the typical area perpendicular to
the field enclosed by a phase-coherent pair of electron
trajectories. It is therefore a function of L& and the sam-

ple geometry.
At higher B (co,w) 1), in two-dimensional (2D) sam-

ples, Landau quantization produces Shubnikov —de Haas
oscillations (SdHO's} which coexist with the aperiodic
fluctuations in the resistance. Consequently, fluctuations

in this regime have only been studied in transport-related

properties which do not show large SdHO's, such as the

microwave photo-emf, the nonlocal resistance, and the

rectification and Hall voltages. s In all cases B, was found

to increase rapidly with B, in qualitative agreement with

a diminishing diffusion coeKcient. At the same time, the

amplitude of the fluctuations always remained surprising-

ly constant, defying the expected reduction due to self-

averaging associated with a decreasing L&.
%e have investigated the fluctuations of the resistance

itself in narrow Si inversion layers, avoiding the SdHO s
by determining the field-antisymmetric component of the
four-terminal resistance. At low fields B, is constant. At
high B and low filling factor v there are quantum Hall
zeros in the longitudinal resistance, and the fiuctuations
take the form of resonancelike peaks adjacent to the
zeros, similar to those observed in GaAs systems. '

However, our focus here is on the regime at higher v in
which the SdHO's do not go to zero, where we find that
B, oscillates commensurately with the SdHO's. In line
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FIG. 1. (a) Variation of R4»6 with magnetic Seld B for posi-
tive (+) and negative ( —) Seld directions at V~=4. 95 V. The
upper trace is ofFset by 0.5 kQ. Inset: gate geometry, showing
labeling of probes. (b) Two-terminal resistance R &6,6 vs B, indi-
cating positions of integer filing factor.

with recent theories, we explain this effect by the forma-
tion of electron trajectories which combine edge-state-
like and bulk-difFusive components. ' '

The devices were Si metal-oxide-semiconductor field-
efFect transistors (MOSFET's} with polysilicon gates pat-
terned by electron-beam lithography and reactive ion
etching'7 into a narrow Hall bar geometry, as indicated
in the inset to Fig. 1(a). The width of each segment was
8'=90 nm, the probe separation was L=1.0 pm, and
the length of the narrow part of each probe was Ls =0.5
pm. The gate oxide thickness was 210 A, giving a carrier
concentration of 1.0X10' cm per volt on the gate
above the threshold voltage of about 1 V at 50 mK. The
Hall mobility pH at Vg =4 V was about 1.5 m V ' s
and the contact resistance was 1.5 kQ. Standard ac tech-
niques were used to measure the four-terminal resistances
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R;j kt
= V; /Ikr, where V;. is the voltage between probes i

and j when current IkI is passed between probes k and l.
It was constantly checked that the results were indepen-
dent of signal level, the voltage difference between probes
always being less than 10 pV.

Figure 1(a) shows R&5,6 for one device at positive and
negative 8 and a fixed gate voltage V& =4.95 V. Repro-
ducible fluctuations can be seen over the whole range of
B. Figure l(b) shows the two-terminal resistance of the
device, R,6,6, which as expected is symmetric about
8 =0. The SdHO's here are associated with the long,
wider 2D probe regions in series with the wire. They are
visible for 8 ~ 2.4 T, at which co,r=3.6 (the small-angle
scattering time and momentum relaxation time are al-
most the same in Si inversion layers, ' so that
co, r=pHB). In R4»6 they are suppressed until 8 =6 T
(co,r=9), where the cyclotron radius r, becomes less than
W/2. The minima are at even values of v because of the
valley degeneracy of 2 (the spin degeneracy is lifted at all
fields of interest).

The symmetric and antisymmetric components of the
four-terminal resistances are defined by R J' kI= [R;, k, (8)+R;, k&(

—8)]/2. The SdHO's are almost ab-
sent in R,"kI. This is not surprising, because the antisym-
metric component can be nonzero only if there is a lack
of microscopic spatial symmetry, which is not the case
for the SdHO's. Meanwhile, the Auctuations in R k& and
R J kj are of similar amp litude: about 0.1 kQ . This is
consistent with L& being roughly equal to the probe sepa-
ration, so that in both cases the amplitude takes approxi-
mately the universal value of R &e /h, ' where R

&
is the

resistance of a phase-coherent segment of the channel,
which is about 1.5 kQ for L& =2 pm.

Figure 2(a) shows traces of R45, 6 at a series of gate
voltages spaced by 0.1 V. There is little similarity be-
tween adjacent traces, as the correlation scale in V is
around 20 mV. The dotted lines join positions on the
traces of constant integer filling factor, deduced from the
minima of the SdHO's in the bulk resistance. Figure 2(b)
shows the correlation field B, as a function of 8 obtained
from the data in Fig. 2(a) together with traces at four oth-
er nearby gate voltages. As usual, 8, was defined by'
F(8, )= —,

' F(0), where F ( b 8 ) = ( R (B)R(8 +58 ) ),„—(R (8) ),„. 8, was calculated over a window of width 1

T centered on each value of B. The results for different
V but equal filling factors were then scaled to match the
8 axis at V =4.10 V and averaged together. Similar re-
sults were obtained for V23 &6, and in other devices. For
comparison, Fig. 2(c) shows the symmetric resistance,
R 4~,6, smoothed and averaged over the same set of gate
voltages.

For 8 ~ 3 T, 8, is constant at 8,(0)=20 mT. The de-
vices are one dimensional with respect to phase coher-
ence, so using 8, =Pro/L& W'with /=1. 2 (Ref. 1) we ob-
tain L

&
=2 pm. The bulk mean free path 1 deduced from

pH at low B is 0.3 JMm, so in the wire elastic scattering
occurs largely at the boundaries, and indeed one-
dimensional quantization has been reported in similar
structures. ' Flux cancellation under these conditions is

known to increase B,. ' On the other hand, since L& is
longer than L, the opening out of the leads into wide re-

gions where the trajectories link more area can reduce
8, . These corrections, together with other geometrical
comphcations and the theoretical uncertainty about the
appropriate value of P, may make the above value of L&
inaccurate by a factor of 2 or 3. Unfortunately the
weak-localization correction could not be used to obtain
a corroborating value because it was obscured by the su-

perconducting transition of the aluminum interconnects
at low magnetic fields.

An increase in 8, implies a decreasing typical area en-
closed by phase-coherent trajectories, which in the ab-
sence of edge effects should result from a reduction in
L

&
=QD r& via a changing diffusion coefficient D or

phase-coherence time ~&. In thin n+-GaAs epilayers, '

the behavior of B, up to ~,~=3 was found to be close to
8,(8)=B,(0)[1+(co,r) ]. This is consistent with

B,=go/L&=go/DH&, assuming the semiclassical result
D(B)=D(0)[1+(co,r) ]

' and constant r&. By analogy,
for L& ) 8', so that 8, ~ 1/L&, one might expect
8,(8)=8,(0)[1+(co,r) ]', as shown by the dotted line
in Fig. 2(b). However, the semiclassical result does not
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FICz. 2. (a) Antisymmetric component of R4»6 vs B at the
gate voltages labeled. The dashed horizontal line on each trace
is zero. The dotted lines cross zero on each trace at the indicat-
ed filling factor v. (b) Dependence of 8, on magnetic field, aver-

aged over several gate voltages (see text). The error bars indi-

cate the standard deviation where it is larger than the symbol
size. The solid line is a guide to the eye, the dashed line denotes
the low-field value B,(0), and the dotted line is a plot of
B,(B)=B,(0)[1+(co,r) ]'~ (c) Four-termina. l symmetric resis-

tance R &»6 averaged over the same gate voltages and smoothed
on a scale of 0.4 T.
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apply for r, ~ Wi2 (B & 3 T) when scattering is mainly at
the boundaries. In this regime the typical phase-coherent
area does not change and B, is constant. For 4 T & B & 8

T, however, r, becomes less than W/2, bulk scattering
reduces the diffusivity, the phase-coherent area decreases,
and B, starts to increase.

For B & 6 T, we begin to see oscillations in B, which
for B)9 T are clearly correlated with the SdHO's in

R45 &6 and so with the movement of Landau levels past
EF. The transport mechanism in this regime must be in-
termediate between bulk diffusion, at low B, and the
quantum Hall effect, at high B (and low U), where non-

scattering edge channels carry the current. At lower car-
rier densities in these devices there are indeed quantum
Hall zeros in 845,6 around v= l and 2 (the valley degen-
eracy is lifted for the first Landau level), as can be seen in
Fig. 3. Adjacent to the zeros, when the electrons are not
completely conSned to the edges, there is random reso-
nancelike structure as a function of B. Similar reso-
nances can be seen by sweeping V~ at constant B [inset to
Fig. (3)]. Their existence implies that transmission of
electrons between opposite edges is possible only at cer-
tain discrete energies (or filling factors). This can result
from resonant tunneling via individual localized states in
the bulk, ' as sketched in Fig. 4(a). It leads to finite back-
scattering, and hence a Snite four-terminal resistance, at
these energies only.

Xiong and Stone showed that the universality of the
fluctuations is not affected by Landau quantization if lo-
calization and edge effects are neglected, but only very re-
cently have the consequences of edges been investigated.
Khmelnitskii and Yosefin' showed that, in a wire with
I « W«L, the presence of boundaries enhances the
diffusivity of the lowest mode of the diffusion equation.
Using a simple Monte Carlo simulation of classical
noninteracting electrons near a boundary, Brown et al. s

found that the diffusion coefficient in the direction paral-
lel to the boundary was almost independent of B, and was

therefore greatly enhanced over the isotropic bulk
coefficient at high B. Both these results suggest that in a
diffusive system at high B phase coherence should be
maintained for a longer distance along a boundary than
in the bulk.

Reference 15 predicted that B, ~ Np„„, where N is the
density of states and p is the bulk diagonal resistivity.
In Fig. 2 the peaks and dips in B, line up approximately
with those in R4»6 and are proportionately of compara-
ble amplitude, but it is not possible to obtain a fit to this
equation, because N is unknown. Meanwhile, Maslov
and Loss' presented us with a way of understanding the
data qualitatively. They studied the diffusion equation
for the Landau-level guiding centers with boundary con-
ditions which allow the electrons to scatter in and out of
"sliding" orbits at the edges. They predicted that in nar-
row channels, under conditions where the average sliding
length along the edge is longer than ~2r, but shorter
than L, a kind of electron trajectory exists which circu-
lates around a loop between the opposite edges, as
sketched in Fig. 4(b). The loop trajectory comprises al-
ternate sliding and diffusive parts. We note that in time

~& one of these chiral loop trajectories can link an area
which is considerably larger than for a purely diffusive
trajectory. This area may, when the sliding length is
similar to L, approach the total area 8'L between the
contact probes. One therefore expects such trajectories
to produce oscillations in the conductance with a
minimum period similar to B,(0).

(b)

2.0

(c)

FIG. 3. Resonant structure adjacent to zero at low filling fac-
tor in the positive (solid line) and negative (dotted line) field
directions. Inset: structure obtained by sweeping Vg in between
adjacent quantum Hall zeros.

FIG. 4. Electron trajectories associated with fluctuations at
high magnetic fields. (a) Resonant tunneling between well-

formed edge states through a single localized bulk state whose

energy level is close to EF. (b) Loop trajectory when edge states
are incipient. (c) Diffusive trajectories when edge states are ab-
sent.
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For v ~ 4 in these devices, transport is never in com-
pletely decoupled edge states because R4~, ~ never goes to
zero. Still, near the resistance minima (v=even integer),
where E~ in the channel center lies between Landau lev-
els, the edge states are at least partially formed and loop
trajectories are possible, giving values of B, which dip
close to 8,(0). On the other hand, near the resistance
maxima, where Ez lies near the center of a Landau level,
the electrons never travel along an edge much further
than v'2r, and the trajectories are mainly diffusive, as in-
dicated in Fig. 4(c). Their typical areas can then be much
smaller, and B, shows corresponding peaks. Moreover,
because the scattering is not boundary limited as at it was
at low B, and the bulk diffusivity is lower, the peak values
can be much greater than 8,(0).

In the absence of phase breaking, Ref. 16 predicts that
the loop trajectories of Fig. 4(b) should cause modula-
tions of the order of 10—20% in the fluctuation ampli-
tude as a function of 8. Such modulations are too small
and on too fine a scale in B to be resolved here. We see
no dramatic variation in the fluctuation amplitude up to
16 T. To try to explain the constancy of the fluctuation
amplitude while B, increases in larger systems, it has

been argued that the self-averaging e6'ect is reduced be-
cause the phase-coherent regions near the edges do not
become shorter at high B, as discussed above. In our nar-
row silicon devices, L& is never smaller than 8'and possi-
bly does not become much smaller than L, but the fact
that the amplitude does not vary while B, does is still a
puzzle.

In summary, we have measured the reproducible resis-
tance fluctuations in a narrow disordered conductor in
the regime intermediate between difFusive conduction and
the quantum Hall effect. We observed an oscillatory
behavior of the correlation field which constitutes strong
evidence for the existence near integer filling factors of
coherent electron trajectories which combine the proper-
ties of edge and bulk states.
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