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Magnetoresistance fluctuations in shortn-type SiÕSiGe heterostructure wires
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Magnetoresistance fluctuations in short quasiballistic Si/SiGe wire segments have been investigated as a
function of magnetic field and temperature. The segments are measured in a four-probe geometry and the
voltage probe distancesL are taken smaller or larger than the phase coherence lengthl f ~'1.5 mm at T
50.1 K! and the electron mean free pathl e ~'0.8mm!. At magnetic fields smaller thanB51 T, the amplitude
dR and the correlation fieldBc of both the symmetric and antisymmetric part of the resistance fluctuations have
been studied as a function of probe distance and temperature. It is found that, despite the quasiballistic
character of electron transport in our samples, the behavior of the amplitude and correlation field with probe
separation is in good qualitative agreement with expressions derived for the diffusive regime. The observed
magnitude ofBc , however, is much larger than expected for the diffusive transport regime. A better agreement
for Bc is obtained using an expression adapted for the quasiballistic regime. The temperature dependence of the
correlation field cannot be explained by expressions appropriate for the diffusive or the quasiballistic transport
regime.
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I. INTRODUCTION

Studies of electron transport in nanoscale devices du
the last 15 years have revealed a number of very fascina
phenomena. One of the first effects observed in this con
were device specific, reproducible fluctuations in the mag
toconductance of submicron-sized metal lines.1 Lee and
Stone2 showed theoretically that at zero temperature the
amplitude of the fluctuations is;e2/h, independent of
sample size and disorder. The fluctuations are there
called universal conduction fluctuations~UCF!. The original
UCF theory contains two important assumptions: first
conductance is calculated for a two-probe geometry and
ond electron transport is supposed to be diffusive, i.e.,
elastic mean free path of the electronsl e is much smaller
than the length of the sampleL ( l e!L). It was soon recog-
nized that the presence of additional measuring probes h
significant effect on the fluctuations when the distance
tween the probes is comparable to the phase coher
length of the electrons (l f). This was demonstrated, for in
stance, by experiments of Skocpolet al.,3 Benoitet al.,4 and
Hauckeet al.5 on Si metal-oxide-semiconductor field-effe
transistors and metal films and by theoretical work
Büttiker,6 Hershfield, and Ambegaokar,7 Baranger, Stone
and DiVincenzo,8 and Chandrasekhar, Santhanam, a
Prober.9 Not only experimental work on various small stru
tures involving the high-mobility two-dimensional electro
gas in AlGaAs/GaAs heterostructures~e.g., narrow
etched10,11 or split-gate wires12,13 and ballistic cavities!14 but
also work on three-dimensional metallic point contact15

shows that the condition of strict diffusive transport is no
necessary condition for the observation of conductance fl
PRB 610163-1829/2000/61~11!/7545~8!/$15.00
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tuations. However it is not clear to what extent the theo
developed for the pure diffusive transport regime is capa
of describing in detail conductance fluctuations in, for i
stance, the quasiballistic transport regime. It is interesting
note that measurements by Birdet al.10,11 and Thornton
et al.12 of conductance fluctuations inlong, narrow wires de-
fined in a high-mobilityn-type AlGaAs/GaAs heterostruc
ture at low magnetic fields could be straightforwardly inte
preted in the framework of the original diffusive UC
theory. At present the number of experiments in the qua
ballistic regime onshort wires (L' l f) with a four-probe
geometry is very limited. As far as we know only the expe
ments by Timpet al.16 on AlGaAs/GaAs samples provid
information on conductance fluctuations in samples w
probe distance smaller thanl f .

The work described in this paper concerns a study of c
ductance fluctuations in shortn-type Si/SiGe heterostruc
tures. An electron mobility of more than 50 m2/V s has been
achieved in this material system.17 A variety of magnetocon-
ductance phenomena has been observed in structures de
in both n-type andp-type Si/SiGe heterostructures. Studi
have been made of quantized conductance,18 the Aharonov-
Bohm effect,19,20 weak localization,21,22 Shubnikov–de Haas
oscillations, and the quantum-Hall effect.23,24 A comprehen-
sive review of these experiments has been given
Schäffler.25 To our knowledge so far, no detailed studi
have been made of conductance fluctuations in short Si/S
heterostructures.

The elastic mean free pathl e of the electrons in the
Si/SiGe material we study in this work is about 0.8mm for
T,4.2 K ~mobility'7.9 m2/V s). We fabricated sample
with probe distance varying from 0.2 to 10mm. All length
scales important for conductance~or resistance! fluctuations,
7545 ©2000 The American Physical Society
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i.e., l e , l f , andL, are comparable to each other at low te
peratures. We will compare the rms amplitude and the c
relation field of the fluctuations with expressions develop
for the diffusive UCF theory. In this way we obtain a cle
indication as to what extent conductance fluctuations m
sured in this quasiballistic transport regime in a four-pro
geometry deviate from diffusive UCF theory. Both the infl
ence of the measuring probes and the role of the elastic m
free path will be discussed. Some results concerning
magnetotransport in 10-mm-long wire segments have bee
reported in a previous paper.26 Our results are particularly
relevant for future Si-based nanoelectronics. In this field
impact of reduced device dimensions and fabrication te
nology on electron transport is an important issue.

This paper is organized as follows. In Sec. II we w
describe the Si/SiGe heterostructure, the sample layout,
other experimental details. Results of measurements of
magnetic field, probe distance, and temperature depend
of the fluctuations will be presented in Sec. III. The resu
are discussed in Sec. IV and concluding remarks are mad
Sec. V.

II. EXPERIMENTAL

In Fig. 1 a schematic layout of the devices investigated
this paper is shown. The nominal wire width is 400 nm. T
separation between the voltage probes is 0.2, 0.5, 1.0, 2,
10 mm. This device is made in ann-type Si/SiGe heterostruc
ture grown on a Si substrate by molecular beam epit
~MBE!. The essential part of the heterostructure consists
600-nm-thick Si0.72Ge0.28 buffer layer on top of which a
25-nm Si layer is grown followed by a 12-nm-thic
Si0.72Ge0.28 spacer layer. Electrons are provided for by a 1
nm-thick 331018cm23 Sb-doped supply layer grown on to
of the spacer. Details about the Si/SiGe heterostructure
terial and the fabrication process have been descr
elsewhere.26 Resistance measurements are performed i
3He-4He dilution refrigerator with magnetic fields, perpe
dicular to the current, ranging from 0 T to 10 T. Thetem-
perature is varied between 0.065 and 4.2 K. The resistanR
of a segment between two adjacent voltage probes is d
mined by passing an ac currentI 51 nA between probes 5
and 12 and measuring the voltage V with a standard loc
technique at 15 Hz.

III. RESULTS

A. Transport parameters

To deduce the transport parameters of the material,
investigated the 10-mm segment rather extensively b

FIG. 1. Overall device layout: 400-nm-wide and 20-mm-long
wire structure with probe separations varying between 0.2 and
mm.
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Shubnikov–de Haas~SdH!, quantum-Hall and weak local
ization ~WL! measurements. These experiments have b
described elsewhere and we restrict ourselves here to a
mary of the results.26 We deduced an elastic mean free pa
l e50.860.1mm, a carrier densityns57.231015m22, a dif-
fusion constantD50.037 m2 s21, and a phase coherenc
length l f51.560.3mm at T50.1 K and an effective wire
width We50.22560.03mm. The effective wire widthWe
differs by 175 nm from the nominal widthW5400 nm. This
difference is caused by a nonconducting depletion regio
the boundaries of the wire. Consequently the effective pr
separationL will be larger than lithographically defined. W
accounted for this in calculations by adding 175 nm to
nominal probe separation values.

B. Resistance fluctuations

Figure 2 shows typical magnetoresistance curves of
L5200 nm segment in the field range between21 and 1 T at
temperatures varying from 0.1 to 4.2 K. Clear, aperiodic, a
reproducible magnetoresistance fluctuations are obse
with an amplitude smoothly decreasing with rising tempe
ture. At fields above 1 T most of the fluctuations are ob
scured by the Shubnikov–de Haas oscillations. To anal
the fluctuation patternDR(B) first a background resistanc
Rbg(B) is subtracted from the experimental curves:DR(B)
5R(B)2Rbg(B). At temperaturesT>1.8 K the background
resistance is obtained by smoothing the measured data.
low T51.8 K we determinedRbg(B) by adding a magnetic-
field-independent offset to the smoothed 1.8 K curve.27 The
solid lines in Fig. 2 representRbg(B) at the various tempera
tures. As mentioned in the Introduction the voltage prob
have an important influence on the behavior of the resista
fluctuations.1 It has been shown both theoretically and e
perimentally that the effect of the probes on the resista
fluctuations can be expressed most clearly by separa
DR(B) in a symmetric part DRs(B)5@DR(B)1
DR(2B)#/2 and a antisymmetric partDRa(B)5@DR(B)
2DR(2B)#/2.

Results forDRs(B) and DRa(B) at T50.2 K are shown
in Fig. 3 for L50.2, 0.5, 1.0, and 2.0mm. The curves have

0

FIG. 2. Resistance curves of theL5200 nm segment as a func
tion of temperature. For clarity the curves have been given an of
of 25 V. The continuous curves represent the background resist
Rbg. See text.
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PRB 61 7547MAGNETORESISTANCE FLUCTUATIONS IN SHORTn- . . .
been given an offset for clarity. In Fig. 3~a! the symmetric
part is shown. The amplitude ofDRs(B) decreases with de
creasing probe separationL in the regimeL>1 mm. At the
lowest probe separations,L50.2mm andL50.5mm, how-
ever, the amplitude becomes almost independent onL. Fig-
ure 3~a! also shows that the typical difference in magne
field between the maxima of the fluctuations is larger for
1 and 2mm segments than for theL,1 mm parts. The anti-
symmetric part of the resistance fluctuationsDRa(B) is dis-
played in Fig. 3~b!. In contrast to the data of Fig. 3~a! both
the amplitude and typical field scale of the fluctuations
almost independent on probe separationL.

To quantify the observations we determine from the tra
of Fig. 3 the rms amplitude of the fluctuationsdRi and the
correlation fieldBc

i , wherei refers to symmetric~s! or anti-
symmetric~a!. This is the field scale over which the fluctu
tions are correlated. BothdRi andBc

i are calculated from the
field-shifted auto correlation functionFi(DB)

Fi~DB!5E DRi~B1DB!DRi~B!dB ~1!

from which dRi5AFi(0) andBc
i via Fi(Bc

i )5 1
2 Fi(0) fol-

low. Because of the presence of the SdH oscillations at fie
aboveB50.7 T and the possible influence of the WL effe
aroundB50 T we have restricted the range of the analysis
0.1–0.65 T. This restriction implies that we avoid effects d

FIG. 3. ~a! Symmetric partDRs(B) and ~b! antisymmetric part
DRa(B) of the resistance fluctuations vs magnetic field atT
50.2 K. The curves have been given an offset for clarity.
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to a magnetic field dependence of the amplitude and co
lation field of the fluctuations and do not have to consid
electric transport via edge states. Such effects are expe
when B becomes larger than 0.9 T.11 The resulting depen-
dence of the amplitude and the correlation field on pro
separationL at T50.2 K are shown in Fig. 4~symbols!. Fig-
ure 4~a! showsdRs and dRa vs probe separationL. It is
evident thatdRs increases withL whenL>1 mm while dRa

is mainly independent ofL. At the lowest probe separation
L50.2mm andL50.5mm, however, bothdRs anddRa are
independent ofL and, furthermore, have the same mag
tude. The various lines in Fig. 4~a! refer to model descrip-
tions to be discussed in Sec. IV.

The correlation fieldsBc
s and Bc

a as a function of probe
separationL are shown in Fig. 4~b!. The difference in behav-
ior between the symmetric part and the antisymmetric pa
striking. The correlation field for the antisymmetric part
the oscillations is almost independent of probe separa
and has a sizeBc

a'1263 mT. Remarkably, the correlatio
field for the symmetric part of the fluctuations seems to
crease strongly from 12 to 30 mT asL becomes larger than
1 mm.

The temperature dependence of the fluctuations is sh
in Fig. 5~a! where the amplitude of both the symmetric a
the antisymmetric part of theL50.5mm andL51 mm seg-
ments of the fluctuations are displayed on a log-log sc

FIG. 4. Characteristics of the symmetric part and antisymme
part of the resistance fluctuations vs probe separationL. ~a! Ampli-
tudesdRs anddRa, with the dashed line representing the theoreti
description by Eq.~3! as is explained in the text.~b! Corresponding
correlation fieldsBc

s andBc
a . The dashed line is a guide to the ey

The measurement temperatureT50.2 K.
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7548 PRB 61R. G. van VEENet al.
Above T50.6 K the amplitude of the fluctuations strong
decreases with temperature. BelowT50.6 K the fluctuation
amplitude has a weaker dependence on temperature
tends to saturate. The same overall temperature depend
of the fluctuations is observed in the other wire segme
The decrease of the fluctuation amplitude at temperat
aboveT50.6 K can approximately be expressed as a po
law dependencedRi( i 5s ora)}Tp. The temperature depen
dence of the different wire segments shows neither a typ
dependence ofp on probe separation nor a systematic diffe
ence in the temperature dependence ofdRs and dRa. All
measurements can be described byp520.7560.2. There-
fore the general dependence ofdRs anddRa on probe sepa-
ration L at any temperatureT is similar to the behavior a
T50.2 K, which is displayed in Fig. 4~a!.

Figure 5~b! displays the dependence of the correlati
field on the temperature for theL50.5mm and L51 mm
segment. The correlation fieldsBc

s andBc
a of the symmetric

and antisymmetric part of the fluctuations are both wea
dependent on temperature as can be concluded from
5~b!. We note that the uncertainty in the evaluation of t
background resistanceRbg has its influence on the data o
Fig. 5~b!. However, after varyingRbg within the uncertainty
interval associated withRbg, we still find that the correlation
field of the resistance fluctuations is only weakly temperat
dependent.

FIG. 5. Characteristics of the symmetric part and antisymme
part of the resistance fluctuations of theL50.5mm and 1mm seg-
ments vs temperature.~a! rms amplitude,~b! corresponding cor-
relation fields.
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IV. DISCUSSION

A. Amplitude of the fluctuations

In this section we discuss the dependence ofdRs anddRa

on probe distance and temperature in relation to express
derived for four-probe measurements in the diffusive tra
port regime. We start with the behavior of the amplitude
the fluctuations atT50.2 K. Theoretical and experimenta
work on resistance fluctuations in diffusive wires shows t
the amplitude of the resistance fluctuations in the wire m
sured in four-probe geometry can be described as1,3–9

dRS5adRfAL/lf if L. l f , ~2a!

dRS5bdRf if L, l f , ~2b!

and

dRa5bdRf . ~3!

In a simple picture the numerical factorsa,b are constants of
order 1 anddRf is the fluctuation amplitude of a phase c
herent segment of lengthl f .

Relations~2! and ~3! reflect the different origins ofdRs

anddRa. The symmetric part of the fluctuations is accum
lated in the whole wire region of lengthL between the volt-
age probes and up to a lengthl f into the voltage probes
themselves. In contrast, the antisymmetric part only ste
from regions of sizel f around and into the voltage probe1

and therefore is independent ofL. In short wires (L
, l f)dRs anddRa are generated in the same region and c
sequently they have the same magnitude, see Eqs.~2b! and
~3!. In long wires (L. l f) the contribution of the probe re
gions is small compared to the region of lengthL between
the probes. The factor (L/lf)1/2 accounts for statistical aver
aging over the (L/lf) phase coherent segments in this are

The dashed lines in Fig. 4~a! are calculations according t
Eqs. ~2! and ~3!. Qualitatively, the symmetric part of th
fluctuations follows Eq.~2! quite well. However, the quanti
tative agreement with Eq.~2! is somewhat less. This can b
partly due to the observed variations in the sheet resista
of the various wire segments. To account for this we expr
dRa in dRs using Eqs.~2a! and ~3!: dRs}dRa(L/lf)1/2.
This partly eliminates local variations in material properti
since for a certain segment bothdRs and dRa are affected
equally via dRf . The results are displayed in Fig. 4~a!
~dash-dotted curve! and show a substantial improvement
agreement. The antisymmetric part is described reason
well by Eq. ~3! asdRa is almost independent onL.

The temperature dependence of the amplitude of the fl
tuations~Fig. 5! revealed two regions. At temperatures b
low T50.6 K the amplitude tended to saturate. AtT.0.6 K
the amplitude decreased for all wire segments. The decr
could be described by a power law dependencedRi( i
5s,a)}T2p with p50.7560.2. According to Eqs.~2! and
~3! the temperature dependence ofdRs and dRa is deter-
mined bydRf and l f . dRf depends on two length scale
the thermal diffusion lengthl T5A\D/kBT and the phase
coherence lengthl f , and can be expressed as

ic
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dRf5
e2

h
Rf

2 } l f
2 if l f! l T , ~4a!

or

dRf5
e2

h
Rf

2 l T

l f
} l fl T if l f@ l T , ~4b!

whereRf is the resistance of a wire segment of lengthl f
(Rf} l f) whose conductance fluctuates with a universal a
plitude e2/h. In the regimel f@ l T the amplitudedRf is re-
duced by a factorl T/lf by thermal averaging.28 At T50.2 K
we havel T51.2 mm and l f51.3 mm. Therefore our wire
segments operate in a regime wherel T' l f .

The analysis of the weak localization peak of theL
510mm segment, reported in Ref. 26, showed a satura
of l f belowT'0.6 K. The observed saturation of the amp
tude of the resistance fluctuations corresponds to the sa
tion of l f if we assume that also forl T' l f , dRf is correctly
described by Eq.~4a!. A saturation of the phase coheren
length at low temperatures has been observed by many w
ers in various systems. At present there is a renewed inte
in the saturation ofl f since Mohantyet al.29 claim that the
saturation ofl f is a fundamental phenomenon caused
zero-point fluctuations of the phase coherent electrons. T
oretical work that supported this claim was heavily criticiz
by a number of workers. See, for instance Ref. 30 and re
ences therein. We found, using the expressions given by
hanty et al.29 to calculate the phase coherence length aT
50 K, a value that is a factor of 2 to 3 lower than expe
mentally observed.

Above T50.5 K the temperature dependence ofl f in the
L510mm segment26 is described byl f}T0.460.1. Given the
error margins inl f both Eqs.~4a! and~4b! predict almost the
same temperature dependence fordRf , i.e., dRf
}T20.860.2. This means that in long wiresL. l f @Eq. ~2a!#,
dRs is expected to vary}T20.660.15. The temperature depen
dence ofdRs in short wiresL, l f and dRa @Eqs. ~2b! and
~3!# is identical to the temperature dependence ofdRf . The
calculated temperature dependence corresponds well to
experimental results. So we find that the probe distance
temperature dependence of the amplitude of both the s
metric part and the antisymmetric part of the resistance fl
tuations in these short quasiballistic wires are rather w
described by expressions derived for the diffusive transp
regime.

B. Correlation field of the fluctuations

In this section we discuss the behavior of the correlat
field Bc with probe separation and temperature@Figs. 4~b!
and 5~b!#. First we analyze the dependence of the correlat
field with probe separation. Figure 4~b! shows that the criti-
cal field of the symmetric part of the fluctuations decrea
from 3066 mT to 1263 mT as the probe distance becam
smaller than 1mm. The correlation field of the antisymmetr
part was~also! 1263 mT and depended within experiment
error not on the probe distance.

To interpret these results qualitatively we note th
roughly speaking, the correlation field corresponds to
change of the magnetic flux through an area enclosed by
interfering electron trajectories of lengthl f by one flux
-

n

ra-

rk-
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e-
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-
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n
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quantum.1 For instance, for wide samples this enclosed a
is of the orderl f

2 and for long, narrow lines of the orde
l fWe . Geometric considerations show that, for a givenl f ,
in the neighborhood of the voltage probes of a narrow li
interfering electron trajectories can be envisioned that
close a larger area than interfering electron trajectories in
narrow regions far away from the probes. Since a larger
closed area requires a smaller change in magnetic fiel
change the enclosed flux by one flux quantum, it seems
vious that the correlation field of the asymmetric part of t
fluctuations is smaller than the correlation field of the sy
metric part of long lines. When the probe distance is d
creased the contribution from the probe areas will beco
more dominant and, by the same token, it is understand
that the observedBc will become smaller. The transition wil
occur when the probe distance becomes of the orderl f . This
was confirmed by our experiments: from weak localizati
experiments on theL510mm segment atT50.2 K we
found l f51.3mm and we observed the transition near
probe distance of 1mm. Following the geometric line of
reasoning we expect that the transition will be gradual a
that the change inBc will be relatively small. This is, in fact,
confirmed by theoretical work of Chandrasekharet al.9 who
calculated analytically the effect of probes on the fluctu
tions in narrow lines. These authors present values forBc for
diffusive transport in short lines withl f! l T . Their Fig. 8
shows a gradual transition and, for sample parameters
too different from ours, for very short lines (L! l f) Bc is
about 17% smaller than for very long lines (L@ l f). We
observed a much larger difference@Bc(L.1 mm)/Bc(L
,1 mm)52.5#. In an effort to understand this difference w
will focus now on the magnitude of the correlation field
the longer wire segments.

The correlation field of long, narrow lines has been stu
ied theoretically quite extensively@see Beenakker and va
Houten28 ~BvH!#. For diffusive transport the correlation fiel
is given by

Bc
i 5a

h

e
~Wel f!21, ~5!

wherea50.42 for l f! l T anda50.95 for l f@ l T . Evalua-
tion of this expression for our lines atT50.2 K yieldedBc
56.0 mT andBc513.5 mT for l f! l T and l f@ l T , respec-
tively. Both values are much smaller than the value we
served for theL.1 mm segments (Bc53066 mT).

BvH ~Ref. 28! showed that the correlation field of resi
tance fluctuations forquasiballistic transport will be en-
hanced~compared to diffusive transport! by the flux cancel-
lation effect: zero flux is enclosed by electron trajector
that return to their initial position by scattering on the wi
boundaries only. Using the expressions given by BvH for
correlation field of long, narrow lines in the quasiballist
transport regime we calculatedBc for different ratios ofl f
and l T using the parameters for our lines atT50.2 K. We
also applied the interpolation formula given in the sam
paper28 to calculateBc for l f' l T . The results and the abov
given estimates for diffusive transport are listed in the fi
three rows of Table I. A remarkably good agreement is o
served between the quasiballistic estimate forl f' l T and our
experimental value. This result can be regarded as
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TABLE I. Theoretical values for the correlation fieldBc
i .

Probe distance (i ) Regime F(0)5@dR( l f)#2
Bc

i , diffusive
~mT!

Bc
i , quasiballistic

~mT!
Bc , experiment

~mT!

L. l f(s) l f! l T } l f
3 6.0 22

L. l f(s) l f@ l T } l f 13.5 81
L. l f(s) l f' l T BvHa 8.2a 35a

L>1 mm(s) 3066
L, l f(s) or (a)b l f! l T } l f

4 5.0 17
L, l f(s) or (a)b l f@ l T } l f

2 7.8 33
L,1 mm (s) or (a) 1263

aThis is the result of a calculation ofBc from a correlation functionF(0) obtained in Ref. 28 for the
intermediate regimel f' l T . In this calculation the experimental parameters atT50.2 K are used:l f

51.33mm andl T51.15mm.
bThe results for the antisymmetric part of the fluctuations are independent of probe distanceL.
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should be considered as quasiballistic instead of diffusiv

Unfortunately, for quasiballistic transport in very sho
lines (L! l f) no expressions to describeBc are available in
the literature. However, there exists a rather simple pro
dure to calculateBc from the behavior of the amplitude o
the fluctuations. This procedure involves a method dev
oped by BvH.28 These authors show that for quasi-on
dimensional wires the field-shifted autocorrelation functi
Fi(DB) can be obtained fromFi(0) by replacing l f
[ l f(0) by a magnetic-field-dependent phase cohere
length l f(DB).28,31 After substitution ofl f(DB) in Fi(0),
Bc follows from using the definitionFi(Bc

i )5Fi(0)/2. In
fact, this procedure has also been used by Chandrase
et al.9 to calculateBc for a narrow wire, four-probe geom
etry. These authors calculatedFi(0) analytically and used
the expression forl f(DB) for the diffusive transport listed in
Ref. 31. Evaluation of their result forL! l f for our wire
segments atT50.2 K yielded the valueBc55.0 mT listed in
the fifth row of Table I.

We calculated the remaining three values ofBc for the
short wire block listed in rows 5 and 6 of Table I by usin
Eqs. ~3!, ~4a!, and ~4b! to obtain Fi(0) via Fi(0)
5$dRi@ l f(0)#%2. The expressions used forl f(DB) for both
quasiballistic and diffusive transport are listed in Ref. 31.
this way we were able to calculateBc for the two limiting
situationsl f! l T and l f@ l T ~see Table I!. Since no expres-
sion for dRi was available forl f' l T , there was no simple
method to calculateBc for our experiments’ most interestin
regime. However, if it is assumed that the trend found
long wires would also hold for short wires, one expects
find a value forBc for l f' l T that is in between the value
calculated for thel f! l T and l f@ l T limits. This expectation
is not confirmed by the measurements. Instead, the exp
mental value for the correlation fieldBc

s51263 mT is in
between the calculated diffusive values (Bc

s55 – 8 mT) and
quasiballistic values (Bc

s517– 33 mT). This suggests that i
short lines the effect of flux cancellation is apparently le
effective and that, consequently,Bc is less enhanced. Intu
itively one might indeed expect that in wire segments, wh
are shorter than the elastic mean free path, i.e.,L, l e , flux
cancellation cannot play a major role since in these sh
segments the electrons hardly scatter in the area betwee
ts
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voltage probes. So the large difference inBc(L.1 mm) and
Bc(L,1 mm) is explained by the assumption that on redu
tion of the probe distance the electron transport changes f
a quasiballistic to a diffusive nature.

Since we used rather plausible arguments so far, we m
have concluded that we have a reasonable description o
observed values of the correlation field. However, the
scription became less satisfactory when we focused on
temperature dependence ofBc

s and Bc
a . Figure 5~b! shows

that the variation in the correlation field of the fluctuations
the temperature regime 0.1–1.2 K is less than about 3
~above 1.2 K the uncertainty in the experimental data
comes too large!. From analyzing the WL effect in theL
510mm segment we found that in this temperature ran
the phase coherence length is reduced from 1.5mm to 0.9
mm.26 We estimated that this reduction inl f would lead to
an increase of the correlation field by a factor of 2 in case
diffusive electron transport and by more than a factor of 3
quasiballistic electron transport. This is clearly not observ
Another point of concern is the temperature dependenc
the correlation field of theL50.5mm and theL51 mm seg-
ments. For one of these segments one expects a cross
from theL, l f regime to theL. l f regime as the tempera
ture is increased. This would lead to an additional stro
change of the correlation field with temperature. Figure 5~b!
provides no evidence for such behavior to take place. Un
the amplitude of the fluctuations, the correlation field was
a large extent independent of temperature.

A surprisingly weak temperature dependence ofBc has
been reported before in the literature. Studies of conducta
fluctuations in ballistic Ag point contacts,15,32 short epitaxial
Bi wires,33 and ballistic cavities34 show an almost
temperature-independent correlation field. In these cases
devices operated in a regime wherel f< l e ~or l f smaller
than the size of a cavity!. To explain the behavior ofBc it
was argued or speculated that the length scale of the tra
tories that determineBc is set byl e rather than byl f . For
three-dimensional metallic point contacts this idea was s
ported by theoretical work of Kozub, Caro, an
Holweg.32 In our casel e'0.8mm, a value that is compa
rable to the value ofl f and the smallest probe distances. T
important point is thatl e is rather independent of temperatu
in the range where magnetoconductance fluctuation
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periments are done. In caseBc is determined byl e it is ob-
vious that we did not observe in one of the smaller segme
a crossover from theL, l f regime to theL. l f regime as
the temperature is increased. We note that for diffusive tra
port a naive replacement ofl f by l e would lead to higher
values ofBc closer to the experimental value. This cou
have been an reason not to include quasiballistic transpo
the discussion. It is clear that a more fundamental the
describing resistance fluctuations in the regime (l e.We , and
comparable values forL, l f , l e , and l T! is needed to inter-
pret our observations, especially forBc , in more detail.

V. CONCLUSIONS

We studied magnetoresistance fluctuations in short qu
ballistic wire segments fabricated in high-mobilityn-type
Si/SiGe heterostructures. The lengthL of the various wire
segments were chosen to be larger or smaller than the p
coherence lengthl f and electron mean free pathl e . Further-
more bothl e and l f were comparable in magnitude. Th
regime has not been described yet theoretically and we c
pared our data with the existing theoretical model suited
el,

b,

. A

. B

ev

.
n

,

n

T.

s

S

E.
et

y-
ts

s-

in
ry

si-

se

-
o

describe resistance fluctuations in diffusive systems. The
pendence of the amplitude of the symmetric and the antis
metric part of the fluctuations with probe separation is qu
tatively well described by this model. The magnitude of t
experimental values forBc however was significantly large
than predicted by diffusive theory. A comparison of the e
perimental values forBc with an expression derived for th
quasiballistic regime shows only a good agreement for
long (L.1 mm) segments. The correlation field was foun
to be largely temperature independent, where a strong
crease of the correlation field with temperature is predict
This calls for a full description of resistance fluctuations
systems with comparable values ofW, L, l e , l f , and l T .
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