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In this paper we show that the low-field magnetoconductance of a short one-dimensional channel con-
tacted by two-dimensional probes in a silicon MOSFET can be described by a recent theory, which in-
cludes the influence of the probes on the magnitude and shape of the weak-localization correction as a
function of magnetic field. The temperature dependence of the phase-coherence length indicates that, in
the investigated range of temperatures, electron-electron scattering involving large energy transfers is

the dominant phase-breaking mechanism.

Contemporary nanolithographic technologies allow the
fabrication of one-dimensional wires of length L compa-
rable to or even much shorter than the phase-coherence
length [,. For instance, in silicon metal-oxide-
semiconductor field-effect transistors (MOSFET’s) /; is
about 500 nm at 1 K, whereas structures smaller than
100 nm can easily be made. In metals it is usually even
easier to reach the limit L <</;. The standard theoreti-
cal expressions"? for the low-field magnetoconductance
(LFMC) due to weak localization usually fit excellently to
experimental data for two-dimensional (2D) or long 1D
systems, because contributions to the magnetoconduc-
tance arising from other effects like electron-electron in-
teraction and the classical magnetoconductance are negli-
gible in the weak-localization regime.’ Therefore, LFMC
experiments are widely used to determine /.

It was found, however, that [ 4> as inferred from fits of
the standard weak-localization formula to LFMC experi-
ments on very short wires of length L S/, is shorter than
values obtained for longer wires and 2D films of the same
material.* This can be understood from the fact that if
L 51, the time-reversed scattering paths® leading to
weak localization extend into the probes. Since the mag-
nitude of the weak-localization correction 8G depends on
the return probability of electrons, and since this return
probability will be smaller if the region to which an elec-
tron can travel within a time 7, < li is larger, wide probes
will lead to a §G smaller than expected from the standard
formula. Recently, Chandrasekhar et al.*¢ extended the
theory of weak localization to include the geometry of
the probes. They showed that both the magnitude of 8G
and the shape of the LFMC curves are affected by the
probes, and found excellent agreement between the
theory and experiments on short silver wires. The theory
has also been applied to metal rings,” but as far as we
know, the present paper discusses the first experiments in
which their expression for the low-field magnetoconduc-
tance is tested on small semiconducting systems.

The devices used in our experiments are dual-gate sil-
icon MOSFET’s, in which a short 1D channel can be in-
duced by applying a negative voltage Vg, to the lower
split gate. A positive voltage ¥y on the upper gate in-
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duces the electron gas in the 2D areas on both sides of
the split gate and in the 1D channel. A top view of the
device is shown in Fig. 1. The width of the gap in the
split gate is 350 nm but due to fringing fields the width W
of the conducting 1D channel between the two large 2D
contact areas can be much smaller. In one of the devices
(No. 1) the length of the split gate was 730 nm, and in
another (No. 2) it was 90 nm. The real 1D channel length
L will be larger, which is again the result of the fringing
field of the lower gate. Also, the bottom of the conduc-
tion band in the 1D channel will lie at a higher energy
than in the 2D regions. Since /, depends via the diffusion
constant on the electron concentration, the values of
l41p and I, ,p in the 1D channel and 2D regions are not
necessarily equal.

The low-field magnetoconductance of the devices was
measured using a standard four-probe ac lock-in tech-
nique. In essence, however, the measurement of the con-
ductance of the 1D channel is two probe, because the
channel conductance is much lower than that of the 2D
regions, which act as contacts. Figure 2 shows a low-field
magnetoconductance curve for device No. 1 at T =1200
mK and constant V=15 V and V5 =—7.5 V. The
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FIG. 1. Schematic drawing of the MOSFET used in the ex-
periments. A lower split gate with a gap of length L S/, and
width W <</, defines a narrow channel between the two large
two-dimensional electron gases induced by the upper gate.
Electrons starting in the narrow channel can diffuse to the area
indicated by the circle without losing phase coherence.
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strong dip in the conductance G around zero field is due
to weak localization, whereas universal conductance fluc-
tuations are clearly present at higher fields. In Fig. 3 an
enlarged view of the region around zero field is given, at a
number of different temperatures. A similar set of data
was obtained for device No. 2.

We fitted the standard 1D weak-localization formula!
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the standard 2D formula?,
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to all LFMC curves of Fig. 3. In these formulas g, is the
valley degeneracy, which equals 2 in (100) silicon
MOSFET’s and the factor a describes intervalley scatter-
ing. I =(#/2eB)!/? is the magnetic length and I, the
elastic scattering length, which in our silicon MOSFET’s
is about 50 nm. In Eq. 3) B(B)=W/I, p(B) and
Iy 1p(B)=(I,}p+W?/12I3)7 /% 7 is given by
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The magnetic-field range over which the fits were per-
formed was |B| <20 mT, to remain in the range of validi-
ty I, <lp of the theoretical expressions. Fit parameters
were @, W, and I or I p and [, ;. For the first series
of fits, L was set to 800 nm. The quality of these fits, as
expressed by the mean-square deviation y* was compara-
ble for all three formulas. Table I shows this for one of
the curves from Fig. 3. However, for the 1D formula the
fit result for W is always much larger than the gap in the
split gate, and therefore not realistic. Although for the
specific example in Table I the difference is only margin-
al, the 2D formula generally leads to values of W smaller
than /,. This would mean that the sample is 1D instead
of 2D. Only the fits according to Eq. (3) give realistic
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FIG. 2. Typical magnetoconductance curve for device No. 1.

r

values for all parameters. The conclusion is that we can-
not neglect the influence of the large 2D probes on the
LFMC of the short 1D channel.

Figure 4 shows I, ,pp and [, ,p, as obtained from fits of
Eq. (3) to all LFMC curves in Fig. 3. Fit parameters
were L, W, a, I p, and I, ,p. An additional condition
in the fit procedure was L > 730 nm. After the initial fits
were performed the fitted values for L, W, and a were
averaged, and kept fixed during the final (fits:
(L)=845+40 nm, (W)=120+20 nm, and
(a)=0.5310.05. (L) and { W) have quite reasonable
values if the effect of fringing fields is taken into account.
The value of a corresponds well to previous results for Si
MOSFET’s.?

If instead of a negative a positive voltage is applied to
the split gate, the ratio between Vg; and Vg, can be
chosen such that a homogeneous two-dimensional elec-
tron gas (2DEG) is present between the source and drain.
For Vgy =15 V this is the case if V5, =6.92 V. In this
mode of operation /, ,, can be determined independent-
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FIG. 3. Low-field magnetoconductance of device No. 1 at
several temperatures between 0.1 and 2.0 K. Vgy =15V and
VoL =—7.5 V. Curves have been offset.
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TABLE I. Fit results for the experimental curve at 402 mK
in Fig. 3. The three columns are for the standard 1D weak-
localization formula, the standard 2D formula, and
Chandrasekhar’s formula, respectively.

Weak-localization

formula 1D [Eq. ()] 2D [Eq. (2)] 1D-2D [Eq. (3)]
XAX(107%) 3.1 1.7 2.0
W (nm) 1600 330 90
l4 (nm) 90 360
1¢,1D (nm) 630
l¢’2D (nm) 900

ly, by fits of the standard 2D expression (2) to the LFMC
curves of the homogeneous 2DEG. Figure 4 also shows
the results for these experiments. The values of /5, as
determined from the curves in Fig. 3 agree very well with
the independent results for the homogeneous electron
gas. This, as well as the temperature dependence of / #,2D
and /; \p (which is discussed in the next part of this pa-
per), gives great confidence in the quality of the fits of Eq.
(3) to the data of Fig. 3. Because of the relatively large
amplitude of the universal conductance fluctuations (see
Fig. 2), these good results could not be expected a priori.
The temperature dependence of /4 is determined by the
dominant mechanism for phase breaking. At low tem-
peratures electron-electron interaction is the dominant
inelastic mechanism.’ If these interactions involve large
energy transfers,'® they lead to a temperature-dependent
phase-coherence length l¢°CT_‘“ 4, with d the dimen-
sionality of the system. The dimensionality is in this case
determined by the magnitude of the thermal length
17 =(#D /kT)"/? relative to the width of the system. For
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FIG. 4. Phase-coherence length as a function of temperature.
Triangles indicate /, ,p as determined for the homogeneous 2D
electron gas (Vgy =15V, V5 =6.92 V). Squares correspond to
the fit results for /, ,p, which were obtained from fits of Eq. (3)
to the curves in Fig. 3 (Vgy =15V, V5. =—7.5 V). Circles are
for I;;p. The slopes of the dashed lines correspond to
I¢ o T*O.ZS and I¢ o T*O.SO.
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low-dimensional systems (d <2), quasielastic electron-
electron interactions equivalent to a Nyquist mecha-
nism'®!!" can also contribute significantly to the phase-
breaking process. If the Nyquist mechanism dominates,
the temperature dependence is given by I¢O<T1/ 4=,
For the fit results in Fig. 4 we find /;,,=(330
£10)(T/1 K)7O%#002 nm and 1, ,,=(760 +35)(T/
1 K)7%%#%% nm in the high-temperature region where
l4,2p has not yet saturated. In the fit of I, 5, the three
strongly deviating points between 7 =800 mK and
T'=1.2 K were not included. Saturation of the phase-
breaking length at low temperatures indicates that some
temperature-independent phase-breaking mechanism be-
comes dominant at low temperatures. In our case phase
breaking by rf radiation can be the origin, since only rela-
tively weak rf-filtering was applied at the entrance of the
cryostat.

For a 2D system both types of electron-electron
scattering mentioned above predict an exponent —0.5 for
the temperature dependence of /,. The experimentally
found exponent —0.50+0.09 for /, ,;, corresponds well
to these predictions. In a 1D system it is possible to dis-
tinguish between the two phase-breaking mechanisms.
The experimental exponent of [, ,5(—0.25+0.02) is
closest to the theoretical prediction for large energy-
transfer electron-electron scattering. To check whether
the narrow channel in the MOSFET is indeed 1D with
respect to electron-electron scattering, we calculate /; in
the investigated temperature range. The 2D diffusion
constant D =(L /W)G /e*N,p, where N,p, is the density
of states, is estimated to be 8X107° m?/s. Thus,
I+=740-170 nm in the temperature range between 111
and 2000 mK, and the channel operates in the one-
dimensional regime. Since large energy transfer
electron-electron scattering is the dominant inelastic
mechanism in the 1D channel, this is probably also the
case in the 2D regions.

Apart from the exponents, the magnitude of /, ;, and
l4,,p has also been predicted theoretically'?'* for the case
of large energy-transfer electron-electron scattering:
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Here, the parameter a has a theoretical value of 1 at zero
temperature. Using these formulas under the assumption
that the diffusion constant and density of states for the
ID and 2D areas of the MOSFET are equal, we find
ls1p/ls0=(W/4V21;)'/>=0.29 at 1 K. The experi-
mental value [, i /1 ,p=0.431+0.04 (at 1 K) lies in the
proper range when compared with the theoretical value.
A similar fit procedure has been applied to the LFMC
curves for device No. 2. Apart from the quite different
value of (L ), because of the shorter split gate, the results
are comparable to those for device No. 1: (L ) =280+80
nm, (W)=85%£20 nm, (a)=0.58+0.05, I, p = (250
+50)(T/1 K)~0-2=0-1) and I4,2p < (660£20)(T /
1 K)“ %501 For this device the temperature depen-



46 WEAK LOCALIZATION IN SHORT ONE-DIMENSIONAL . ..

dence of /, ;p and [, ,p also indicates that large energy-
transfer electron-electron scattering is the dominant
phase-breaking mechanism. However, the quality of the
fits is much less than for device No. 1 and for some tem-
peratures no acceptable fit of Eq. (3) to the data could be
obtained. A possible reason for this difference is that for
device No. 2 (L) is not much larger than /,. Transport
through the 1D channel is then not really diffusive, and
can deviate from the predictions of weak-localization
theory. Therefore, for semiconductors, in which [, is
usually long when compared with metals, the limits of
applicability of Eq. (3) will be reached for relatively long
1D channels. Another reason for the relatively low quali-
ty of the fits for device No. 2 could be that universal con-
ductance fluctuations play a more important role than in
device No. 1, thus obscuring the weak-localization behav-
ior around zero field.
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In summary, we experimentally determined the low-
field magnetoconductance of short 1D wires contacted by
2D probes in Si MOSFET’s, and showed that a recent ex-
tension of the weak-localization theory by Chan-
drasekhar et al.,*® which includes the influence of
probes, describes our data very well. From the tempera-
ture dependence of the phase-coherence length we found
that in the investigated temperature range electron-
electron scattering involving large energy transfers is the
dominant phase-breaking mechanism. This is true both
for the one-dimensional channel and for the two-
dimensional probes.
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