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Magnetotransport in corrugated quantum wires
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The magnetoresistance of ballistic quantum wires with periodically modulated width has been calculated.
We find that the negative magnetoresistance peak persists approximately up to 0.1 T, which is two orders of
magnitude larger than in single quantum dots. Our results are in good agreement with recent experiments. We
believe that the wide peak is a manifestation of a weak localization effect, arising from multiple backscattering
and resonances among the segments of the corrugated wire. The weak localization effect is not sensitive to the
period of corrugation, nor to the wire width, as long as the number of propagating modes is large. As random
disorder is introduced, and the system approaches the diffusive transport regime, the wide negative magne-
toresistance peak disappedi80163-182807)00607-3

[. INTRODUCTION our knowledge, this effect has not been discussed in the lit-
erature before. The phenomenon is a beautiful example of
Advances in semiconductor fabrication technology duringhow the geometry totally dominates interference effects in
the past decade have made it possible to create microstrugallistic structures.
tures with dimensions comparable to the electron wave- An early experiment on a quantum wire with modulated
length, such as quantum point contacts, quantum wires, anlidth was performed by Kouwenhove al*®, who studied
quantum dot$. A characteristic feature of these systems is2 sequence of 15 quantum dots defined in a
the importance of interference effects between multiply scatGaAs/GaAl;_,As heterostructure. The experimental data
tered electron waves. Typical examples of interference efsuggested the formation of a miniband structure in the peri-
fects that have been widely investigated are conductancedic 1D crystal. An extensive theoretical investigation of
fluctuations and weak localization. Both of these effects havéonductance quantization in a corrugated quantum wire was
been extensively studied experimentally and theoretically iater presented by Leng and LéfitThe authors showed that
diffusive systems, where electron scattering is mainly due téhe conductance is quantized, in a fashion similar to the case
randomly positioned impuriti€s.® However, if a system is Of @ single quantum point contact, but the quantization pla-
ballistic, scattering will only take place at the geometricalteau index is not a monotonically increasing function. A
boundaries of the structure, resulting in a new type of interband-structure calculation of the channel showed that the
ference effects. One expects that interference effects resuffumber of propagating modes is given by the number of
ing from geometry-induced scattering will contain featuresBloch bands with positive group velocity at a given energy.
that depend on the actual geometry. The analog of conduds a result, the conductance steps up and down with energy.
tance fluctuations and weak localization has recently been We cannot expect to find this type of conductance quan-
observed in ballistic cavities. One of the issues being distization in the present work, since the transport regime we
cussed is how the corresponding classical motion, whict@re interested in is very different from the one considered in
may be chaotic or regular depending on the cavity geometryRefs. 15 and 16. In Ref. 15 the energy region allowed for
influences the quantum-mechanical properties. only one propagating mode, and in Ref. 16 typically up to
In this work we focus on a different, but closely related four propagating modes were considered. However, in the
aspect of how the microstructure geometry governs interferwork of Ochiaiet al,'* which we are modeling, the number
ence effects. We study the magnetotransport in corrugate®f propagating modes is typically 50. Therefore, mode mix-
ballistic quantum wires, making connection to some verying will completely wash out the conductance steps, as will
recent experiments. Ochiat al. have measured the magne- happen in any nonuniform quantum wire of this size. Con-
toresistance of ballistic quantum wires with periodically sequently, the type of magnetotransport properties that we
modulated width:* The wires were fabricated from the two- focus on in the present work differ strongly from the ones
dimensional(2D) electron gas in a GaAs/fba _,As het-  considered in Refs. 15 and 16.
erostructure. Surprisingly, the negative magnetoresistance
pea_k was found to perfist to m_uch higher field strengths than Il. THE MODEL AND METHOD
in single quantum dot¥;'! the difference being roughly two
orders of magnitude. We have performed numerical calcula- Our model geometry is taken to reflect the experimental
tions to model the experiment and find good agreement, esstructure of Ochiaét al,'* and is shown in Fig. 1. Following
pecially in the weak-field regime. The calculated negativethe experiment, we investigate wires with two different pe-
magnetoresistance exhibits a peak, persisting approximatetjods of modulation, Fig. () which has eight “fingers,”
up to 0.1 T. We believe that this is a manifestation of a weakand Fig. 1b) which has three “fingers.” The length of the
localization effect, arising from multiple backscattering andwires is denoted by and the width of the wide regions by
resonances among the segments of the corrugated wire. M. Our calculations are performed on wires of the same size
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eral confining potential of the quantum wire is introduced by

(@) letting the site energy be very large in regions inaccessible to
the electrons, i.e., hard-wall boundary conditions. To ensure
numerical reliability of our computational scheme, we re-
quire that current conservation holds to a tolerance of

-t > 1X 1076.
L
lll. RESULTS AND DISCUSSION
(b)

In the following we present the calculated magnetoresis-
tance for some different wire geometries. Even though the
wires in the experimental setup of Ochiztial'* are quasi-
ballistic, we believe it is interesting also to study the influ-
ence of disorder. Diffusive systems, where the disorder is

FIG. 1. Model geometries for quantum wires with two different strong, have been widely investigated within the context of
periods of corrugation; eight fingefa) and three fingergb). The  weak localization. It is interesting to study the interplay be-
length and width are denoted lhyandW. tween the geometry-induced scattering and the random im-

purity scattering. A successive increase of disorder strength
as the experimerithographic gate sizeL=3 um andW  will take the system from the ballistic to the diffusive trans-
=1 um, as well as on narrower wires of widiN=5 um.  port regime?® We will therefore vary the disorder strength,
The size of the fingers that periodically modulate the wireso for each geometry we calculate a set of plots, each plot
width is 0.1x0.2 um? The distance between the fingers is corresponding to a different value of the disorder parameter.
0.3 um in the eight-finger case, and 14m in the three- As expected, we find that for sufficiently strong disorder the
finger case. Our chosen Fermi ener(ee below corre-  weak localization effect disappears. This happens when the
sponds to the number of propagating modes b&lrgd7 in  system approaches the diffusive regime, and impurity scat-
the wide wire, in the case of no corrugation. This number igering dominates over the geometry-induced backscattering.
close to the estimated number of modes in the experimental As mentioned above, the impurity scattering is introduced
situation, which is roughl\N~50. We therefore expect our using the traditional Anderson model with on-site disorder,
model parameters to well match the experimental system. which is a convenient method for discretized geometries, and

The model geometry is discretized on a 2D square latticewidely used to model diffusive and localized systems. For
where the lattice constant is chosenaas7 nm. The wide quasiballistic systems its suitability can be questioned, and
wire geometry is hence 420140 sites. Energies are conve- this issue has been investigatédHowever, we believe that
niently measured in units of the tight-binding enery| for the type of qualitative understanding we are interested in
=#2/2 m*a?, which here is of the order of 10 meV. If the here, the on-site disorder model will be of sufficient validity.
lattice constant is much smaller than the Fermi wavelength, Itis useful to relate the disorder parameteto the elastic
Ag/a>1, we are in the parabolic part of the energy bandscattering length”. In a 2D system, we have
and the lattice model is assumed to give a good description

of the true continuum system. We have chosen the Fermi 672 [ EL) 2
energy to beEr=|V/|, which corresponds to the ratio-/a /= 3_F2 _F) _ 1)
=6.3. Our model is thus expected to describe a continuum ma”\ u

system quite well. The value of the Fermi energy in “real”
units isEg=10 meV and corresponds to a carrier density Throughout our calculations we will use the disorder param-
=3.25x 10" m~2 This value is very close to the experi- eter valuesu=0, 0.2, 0.3, and 0.5. The case=0 corre-
mental carrier density of Ochiait al.,}* n=4x10'® m™2. sponds to a purely ballistic situation, while the other cases
The calculations are carried out using the recursive singlecorrespond to the elastic scattering lengths8, 4, and 1
particle Green's-function technique. For a detailed descripsm. When the elastic scattering length is larger than the wire
tion of the method we refer to previously published lengthL, we will refer to this as the quasiballistic cagé=8
works!’~?!Relations between the Green’s functions and theand 4 um), while the parameter’=1 um corresponds to
S matrix of the system are employétwhich allow the con-  entering the diffusive transport regime.
ductance to be calculated from the generalized multichannel We start by calculating the magnetoresistance for the
Landauer formula. The presence of a magnetic field, perperwide wire, W=1 um, which is the lithographic size of the
dicular to the plane of the constriction, is incorporated bysystem of Ochiaet al'* The number of propagating modes
means of a Peierls's phase factor. All calculations are peris thenN=47. In Fig. 2a), the results for the eight-finger
formed at zero temperature. Therefore, we will get largeicase are shown for different elastic scattering lengths. It is
resistance fluctuations than in the experiment of Ochiatlearly seen that in the ballistic and quasiballistic regimes
et al,** which is performed at 0.65 K. This issue will be (three lower curveésthe magnetoresistance has a negative
discussed further in the next section. When introducing ranslope, persisting up to approximatddy=0.1 T. In the diffu-
dom disorder in the system, we let each site energy vargive regime (top curvg, no negative magnetoresistance
randomly(with a uniform distribution within an energy in- can be seen. In the other cases, the negative magnetoresis-
terval = u/2, whereu is the disorder strength. This corre- tance peak persists to much higher field strengths than
sponds to the traditional Anderson disorder model. The latin single quantum dots. In typical weak localization
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occurring in many different systemg® Consequently, well-

(@) [ resolved conductance steps appear in the ballistic [daste
1200 tom curve of Fig. 2a)], each step corresponding to a mag-
[ ] netoelectric subband being switched off. In the quasiballistic
1000 |- ] and diffusive regime§three upper curves in Fig(&], large
[ ] resistance fluctuations occur each time a subband is switched
) 800 1 =4um off. The reason is that a mode being close to switch-off has a
= very small longitudinal momentum, and is therefore ex-
& 600 | 1e1=8“m - tremely sensitive to backscattering. Even weak disorder
\\_\,\,_J——-a—”/f therefore results in large resistance peaks. The same phe-
I ballistic ] ) .
400 [ ] nomenon can be observed in quantum point contact systems,
R T I TN SN T where, on a conductance vs gate voltage plot, the beginning
000 005 010 015 020 025 030 of each step is most sensitive to backscattering.
B (T) When theB field becomes so strong that the cyclotron
diameter is much smaller than the wire width, Landau levels
(b) Tttt take over the role of the magnetoelectric subbands. The cy-
1200 [ clotron radius can be expressed as
1000 H e_ 1 L )
[ a 2meBa&’
~ 800 |
) [ Taking our value of the Fermi energg=10 meV, atB
o 600 L =0.1 T the cyclotron radius is.~0.9 um, and atB
[ =0.25 T we have .~0.4 um. The width of our wire is 1
400 [ pm, and consequently conductance quantization in the bal-
E listic case appears when tBefield is such that closed orbits
000 005 010 015 020 025 030 begin to form. This is the regime where the transport is
B (T) mainly due to edge states, and backscattering is therefore
strongly suppressed.
FIG. 2. Magnetoresistance for wire of widW=1 um, for Next we investigate the three-finger geometry, keeping all

different elastic scattering length&@) shows the eight-finger case Other parameters the same as in Fi@) 2The result is shown
and (b) shows the three-finger case. In the ballistic and quasiballisin Fig. 2(b). Qualitatively we obtain the same features as in
tic regimes(three lower curvesthe magnetoresistance has a nega-the eight-finger case. A wide negative magnetoresistance
tive slope, persisting approximately upBe=0.1 T. In the diffusive ~ peak appears in the ballistic and quasiballistic regimes, while
regime(top curve, no negative magnetoresistance can be seen. Fano distinct features can be seen in the diffusive regime. Natu-
higherB fields, edge-state effects occur. No significant dependenceally, the fluctuations increase with increasing disorder
on corrugation period can be seen. strength. The finding of a weak localization effect also in the
three-finger geometry is in good agreement with the experi-
measurement$;*! the width of the peak is of the order of 1 mental results of Ochiaét al. These authors measured the
mT, which is two orders of magnitude smaller than ourweak localization peak in geometries with eight, five, and
value. three fingers, and found no significant dependence on the
We interpret the surprisingly wide peak as a weak local-corrugation period.
ization effect, arising from multiple backscattering and reso- Now we turn our attention to a narrower wire, widi
nances among the segments of the corrugated wire. The pe-0.5 um. This corresponds to the number of propagating
riodically modulated width of the wire enhances modes beingN=24. Figure 8a) shows the case with eight
backscattering, and therefore a stronger magnetic field is rdingers, for the same elastic scattering lengths as in Fig. 2. In
quired to reduce self-trapping, which is the mechanism bethe ballistic and quasiballistic case we observe the same
hind the weak localization effect. When the disorder paramirends as in the wide wire. The magnetoresistance has a
eter becomes so large that the system approaches thegative slope, and the width of the peak is approximately
diffusive regime, random impurity scattering dominates ovel0.1 T. In the diffusive case the wide peak is absent, just as in
the periodic width modulation, and no negative magnetoreFig. 2. Interestingly, however, we find a much narrower peak
sistance can be seen. As expected, the resistance fluctuatidnsits place, as expected in the case of “traditional” weak
are also larger in this case. localization. The width of this peak is approximately 0.01 T,
For higherB fields, two types of phenomena occur in Fig. i.e., ten times smaller than in the ballistic and quasiballistic
2(a). One is the increase of the resistance, a result of theases. We therefore assume that in the diffusive regime, for
well-known depopulation of magnetoelectric subbandghis particular case, weak localization due to impurity scat-
caused by a magnetic field. Secondly, when Bhéeld be-  tering actually takes place. It is very illustrative to observe
comes sufficiently strongn this case~0.25 T), backscatter- the gradual crossover between the ballistic regime, where the
ing due to the periodic corrugation of the wire width be- corrugation results in a weak localization effect, and the dif-
comes totally suppressed. The suppression of backscatterifigsive regime where impurity scattering dominates over the
by a magnetic field is a well-known general phenomenorcorrugation and traditional weak localization occurs.
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(a) I N T W T e R
5000_: ballistic —----1el=4p,m _ 200 b ;
I e I~lum| F theory, 1 =3.7um
4000 Jif s 700 ¢
a ] VNLR L Ay s at @ 600 theory, 1e1=8.4um )
~ 3000 EANLLN Y '«._:'.._,.' . - il > - :
R LW EYAMN - ]

2000 ‘“""-:"—"."J"-f-‘.v-.-r\_._.“/."v-m,

o AN 400 | experiment, lel=5.5um
. TNt T T TR AP S
] r 300
o+ 000 005 010 015 020 025
0 0.1 0.2 0.3 0.4 0.5
B (T)
B (T)
(B 4500 FIG. 4. Comparison between the calculated magnetoresistance
E — - ] (solid) and the experimental resultlotted of Ochiai et al. (Ref.
4000 F ballistic el SAm | 14). The agreement is very good in the lower part of Bdield
3500 | L=8um e L=lpm | 3 range. At strong3 fields, _the curves divgrge. The experiment was
g - ] performed at 0.65 K, while the calculations are done at zero tem-
3000 |, & 3 perature. Therefore, the experimental magnetoresistance is much
o~~~ oo ,'.-: .
S 2500 3 S S £ smoother than the theoretical.
& 2000 3-\'\ . B tween the experimental results of Ochéial* and our nu-
1500 ‘”’\f-\,h,,\,\-v merical results. In Fig. 4 we plot the calculated magnetore-
4 sistance, in the quasiballistic case, for the eight-finger
1000 B S S AT geometry, together with a corresponding experimental result
0.00 005 0.10 015 020 025 030 of Ochiai et al1* The elastic scattering length in the experi-

B (D) ment is approximately mm, while our calculations are per-
formed for the parameter§=8 and 4um. As can be seen in
] ) _ the figure, the agreement is very good in the loBefield
_FIG. 3. Magnetoresistance for wire of widiN=0.5 um, for  range At higherB fields, where the resistance starts to in-
different elastic scattering length&@) shows the eight-finger case crease due to the depopulation of subbands, the experimental
and (b) shows the three-finger case. We find the same qualitative,y theoretical results begin to diverge. One reason for the
trends as in the wider wire of Fig. 2. The main difference is that indisagreement could be that lattice effects enter in our model

t.he diffusive case ofa), we abserve a tra(.j't'onal weak localiza- at strongB fields, and tend to overestimate the influence of
tion peak, ten times narrower than the wide peaks. L
the magnetic field.

We wish to point out that we do not expect to see the W€ also need to keep in mind that the temperature is
traditional weak localization peak, in the diffusive regime, in different in the theoretical and experimental case. Our calcu-

all our wires. Each wire calculation is performed for one lations are done _at zero temperature, Wh_ile the temperature in
specific impurity configuration, i.e., only one ensemb|ethe.e.xperlme.nt is 0.65 K The theorethal result_ therefore
member. Traditional weak localization, however, arises fromexhlbns considerable resistance fluctuations, while the ex-
taking an ensemble average over many different samplef€rimental curve is very smooth. The separation between
When studying a single sample, one finds that it does nogNergy levels is calculated telb K at theFermi level and
necessarily behave as the ensemble average, exhibiting the? i< between the two lowest-lying levels in our model. It is
traditional weak localization peak. This issue has been distherefore reasonable to expect that the experimental tempera-
cussed, and demonstrated experimen&ijumerical simu- ture of .0.65 K will ha\{e a considerable smearing effect on
lations on ballistic cavities confirm these conclusiéhs. the resistance fluctuations.
For higherB fields we do not observe any edge state
effects in Fig. 8a). Since this wire is much narrower than IV. DISCUSSION
that of Fig. 2, closed orbits do not form within thgfield
range we are studying. Therefore, we cannot expect to find We have calculated the magnetoresistance of quantum
either magnetic depopulation, or conductance quantizatiorwires with periodically modulated width. The negative mag-
in this case. netoresistance peak was found to persist to much higher field
In Fig. 3(b) we investigate the same type of wire as in Fig. strengths than in single quantum dots, the difference being
3(a), but with three fingers. Just as in the wider wire case, weoughly two orders of magnitude. Our results are in good
do not find any significant dependence on corrugation periodagreement with some very recent experiméhtsspecially
In the ballistic and quasiballistic regimes a wide negativein the weak-field regime. The calculated negative magnetore-
magnetoresistance peak is present, and as in the previosistance peak persists approximately up to 0.1 T. We believe
cases it disappears when entering the diffusive regime.  that the wide peak is a manifestation of weak localization
It is of interest to make a quantitative comparison be-effect, arising from multiple backscattering and resonances
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among the segments of the corrugated wire. The weak locatufficient strength completely masks the role of the protru-
ization effect is not sensitive to the period of corrugation, norsions themselves.
to the wire width, as long as the number of propagating When the impurity concentration is low, so that the elastic
modes is large. scattering length is larger than the wire length, the weak
The cause of the weak localization appears to be due tlmcalization effect is not affected. However, when the elastic
multiple backscattering from the corrugations themselvesscattering length becomes smaller than the wire length, the
Normally, weak localization arises from multiple back- negative magnetoresistance peak disappears. This happens
scattering from impuritiegin the diffusive limi) and the when the random impurity scattering dominates over the
interference between time-reversed paths, an effect which igeometry-induced scattering, as mentioned above. This tends
broken up by a magnetic field of a few mT. Here, however,to reinforce the interpretation that the weak localization here
the effect persists to much higher values of the magneties due to the protrusions into the wire. For hidfield
field, and is not due to the impurities within the corrugatedstrength, in the edge-state regime, we observe a depopulation
wires. Beenakker and van Houtesuggest that such a long of subbands together with a suppression of backscattering.
negative magnetoresistance can occur due to the reduction Glearly, magnetotransport properties in these geometries call
backscattering from the entry point contact of the wire. How-for deeper investigations. In particular, a theoretical treat-
ever, this should also occur in single quantum dot structuresnent of geometry-induced weak localization effect would be
and this is not observed. While we cannot rule out such aery interesting.
possibility, it is more likely that the effect arises from mul-
tiple scattering vyithin the wire, caus_ed by the reflection of a ACKNOWLEDGMENTS
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