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Scanning tunneling spectroscopy on crossed carbon nanotubes
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Crossing nanotubes were investigated using scanning tunneling micro&€blgly and spectroscopy. From
the analysis of the measured mechanical deformation of the nanotubes, the contact force between the nanotubes
is estimated to be 1 nN. Spectroscopy measurements showed two effects on the electronic ilucaune:
bending, which we attribute to a position-dependent interaction with the substratéj)ate formation of
localized states, as signalled by additional peaks in the density of states at the crossing point. The existence of
localized states at the junction represents a much stronger perturbation of the electronic structure than has
generally been assumed. The relevance of these STM results for the interpretation of transport measurements

is discussed.
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[. INTRODUCTION electronic structure than has generally been assumed, and is

highly relevant for the interpretation of transport measure-
Since carbon nanotube molecules have been electricalpents.
contacted? a variety of single nanotube electronic devices TNe outline of this paper is as follows. We first present the
has been fabricated. These include devices based on an indPographic images of crossed carbon nanotulSes. I).
vidual single wall carbon nanotubWNT) such as field- sing a simple continuum model we estimate the force be-

effect transistors* single-electron transistopsand diode$. xzesotmheatribfhsisf:/cv)ﬁ triii(latstc#):rgr?ﬁ:éie;?g:%?éullg)t’ions
More complex arrangements involving more than on p ’

SWNT have also been fabricated recently using atomic foreThe results of STS measurements are then presdSiec

c LT .
microscope (AFM) manipulation’ and crossed nanotube ?V) and their implications are discussegec. V.

junctions have been contacted to produce multiterminal II. TOPOGRAPHY RESULTS

nanotube devices.

Such nanotube junctions are the subject of this paper. Single wall carbon nanotubgSWNT's) were produced
From transport measurements, Fuhetral. proposed that using laser evaporation by the group of R. E. Smalley at Rice
nanotube junctions can exhibit two different types of University, Houston. A small amount of the raw material was
behavio The behavior of a crossing between two metallicultrasonically dispersed in dichloroethane. A few droplets
or two semiconducting tubes was interpreted as a converwere deposited on gol(l1l) facets, which were formed by
tional tunnel contact at the junction. The behavior of a crossflame annealing a small (15 nijnpiece of 99.99% pure
ing between a metallic and a semiconducting SWNT wagold. This procedure results itmainly individua) carbon
instead interpreted as a Schottky barrier combined with aanotubes on an atomically flat surface. Such a sample was
tunnel contact. Both these and other measurerhentdd be  cooled down in a home-built 4-K STRf, and scanned with
explained by assuming that the bulk electronic properties 080% Pt-10% Ir tips cut under ambient conditions. Nanotubes
each nanotube were not severely affected by the presence afossing other nanotubes were regularly found.
the junction. The validity of this assumption is difficult to  Eight of these crossings have been studied in detail. Three
ascertain by transport measurements, however, since the ldypical examples are shown in Fig. 1. All three topographs
ter provide only indirect information about the local elec- were obtained using a sample bias voltage-df V and a
tronic structure near the junction. feedback current of 20 pA. The two tubes in Figa)lcross

Scanning tunneling microscogTM) and spectroscopy at a 26° angle, while those in Figs(bl and(c) cross at 90°
(STS are ideally suitable to tackle this problem. On carbonangles. The diameter of these SWNT's 4s1.5 nm, as
nanotubes, STM and STS have confirmed the relation bedetermined from height measurements. The nanotubes
tween the atomic structure and the electronic propettls. can appear up to 15 nm in width in the images due to tip
More recently, the effect of strong bendsickles™* and kin-  convolution.
klike topological defect¢ have been studied. Here we use  Height profiles along the longitudinal axis of the upper-
STM to study nanotube crossings. We estimate the force benost tube are shown below each image in Fig. 1. These plots
tween the nanotubes and their binding energy to a supportinghow that a tube crossing another tube does not closely fol-
gold substrate. More importantly, our STS studies show thalow the height profile of the obstacle. The deformations as-
the local electronic structure can be severely distorted due tsociated with the crossings instead occur over lengths of 40
the crossing. We observe two effects on the electronic struam in Fig. 1a), 60 nm in Fig. 1b), and 35 nm in Fig. ).
ture: (i) band bending, which we attribute to a position- The height profiles are thus smooth on a length scale much
dependent interaction with the substrate, &y localized longer than the diameter of the underlying SWNT and the
states, as signalled by additional peaks in the density afize of the STM tip. This reflects the intrinsic stiffness of the
states at the crossing point. The existence of localized stat€3VNT's.
at the junction represents a much stronger perturbation of the The top tube in Fig. @) [(b), (c)] has a diameter of 1.6
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height profiles in Fig. 1. The Young’s modulus of an indi-
vidual SWNT has previously been estimated to have the
value E=1.3+0.4 T Pa from deflection measurements on
multiwall nanotubesSMWNT’s) and ropes of SWNT'$ A
SWNT can be approximated as a hollow cylinder with a
second moment of arda= (7/4) (F ayter— " inner) - HETer outer
andr e, are the outer and inner radius, respectively. They

= -

E g ] ] can be estimated from the measured diameter using 0.3 nm
= 5 \/V\,\ /\ as the wall thickness for an individual tulfeTypical values
g ] for our junctions arer,,ie=0.9+0.1 nm andrne=0.6
0 +0.1 nm,h=1.5+0.1 nmand=50=5 nm. This yields a
0 50 100 150 O 50 100 0 25 50

force ranging from 0.6 to 1.2 nN for different junctions, with
o . ~atypical uncertainty of 0.3 nN for each case. For compari-

FIG. 1. Topographic images of three crossings between pairs ofon, the force exerted by the STM tip is estimated not to
individual SWNT's. These images were obtained using a feedbackyxceed 0.05 nN for the scan parameters U8éd this force
current of 20 pA at a sample voltage efl V. The height profile s gignificantly smaller than the intertube force ofL nN,
along the dotted line in each image is plotted below the image. Th%ve neglect effects from tip forces

gold substrate is taken as reference height. The estimated contact force of 1 nN can be compared to
(1.5, 1.7 nm. Here 0.3 nm was subtracted from the topo_theoretical calculations. In Ref. 17 it was argued, based on

graphic height to account for the van der Waals distafice. cont|r_1uum and molecular mecha_mcs S|mulat|or?sz that two
These values are in good agreement with values for the d€roSSing (10,10) tubes on a graphite surface exhibit a contact

ameter deduced from spectroscopy measureniemtsFig. force of 5 nN. This is of the same order of magnitude as our
1(a) [(b), (c)] the underlying tube is 1.71.5, 1.4 nm in experimen'tal' results, which were obtained for tube§ with di-
diameter. The total height of the crossing is 2, 3.0 nm  ameters sw_mlar to a (10,10) tube. In the simulations, t_he
and is thus lower by 20—23% than the sum of the diameterfrce pressing the two tubes together reduces the total height
of both tubes plus the van der Waals distances. This indicate the crossing by 20%. This fits very well with our obser-
that a certain amount of mechanical deformatitsyuash- ~ vation of 20—23% height reduction. _

ing”’) of the nanotubes exists at the crossings. From the Theintertube conductance at crossings with a geometry
smoothness of the height profiles at the junction, we canvery similar to that studied here was measured by Fuhrer

however, exclude the presence of local buckles at th&tal’to be as high as 0.2%h. This corresponds to 10% of
crossing. the value for perfect transmissiongZh. The dependence of

the conductance between two crossiidg 5 nanotubes on
the contact force was investigated in calculations by Yoon
et al,?° and a strong dependence on the contact force was

In this section we discuss how the contact force betweefound. For a contact force of 1-2 nfdorresponding to our
the nanotubes at the crossing can be calculated from the megxperimentally determined forgea low intertube conduc-
sured height profiles. The magnitude of this force provides 4ance 0.0%%h) was predicted. The experimental results
quantitative measure of the strength of the interaction beby Fuhreret al. were best explained by contact forces of
tween the nanotubes and of the deformation of the nanotubd$—15 nN. At such high contact forces it was calculated that
at the crossing. It also allows for comparison with theoreticathere is a significant mechanical deformation of the nano-
calculations which additionally assess the impact of thdubes resulting in an enhancement of the wave-function over-
crossing on the tubes’ electronic interaction. We calculate théap between the nanotubes. It was further concluded that the
contact force using a simple continuum model, similar tointratube conductance is, however, only weakly affected by
models used in discussions of the mechanical properties dhe presence of the crossing. We will return to these calcula-
carbon nanotube$:’ tions in Sec. V.

A nanotube on a gold substrate feels an attractive force Analysis of the height profile can also be used to estimate
from the substrate due to the van der Waals interactiorthe binding energy of nanotubes on gold using the method of
When a nanotube crosses another nanotidveother ob- Hertel et al2! Briefly, this involves balancing the cost of
stacle the upper nanotube deforms elastically by slightly €lastically bending the nanotube and the gain in binding en-
bending over the lower nanotube. This induces strain in th€rgy to the substrate. The binding energy is obtained by in-
upper nanotube, resulting in a normal contact force betweetegratings Em(r guer— " inner) S P(X) ~2dx along the longitu-
the nanotubes. The situation is similar to the model of adinal axis of the tube. Here(x) is the local radius of
centrally loaded cylinder with fixed end8. curvature. Our profiles are well fitted by a circle with a typi-

The force exerted at the area of contact is given in thisal radius of~100 nm. We then obtain a binding energy of
case byF=192E1h/I3, whereE is the Young’s modulus,  0.8+0.2 eV/A. The results for different crossings range
the second moment of arel,the central deflection of the from 0.5 to 1.2 eV/A. A similar binding energy of 0.8
upper tube, and the length over which the tube is bent or =0.3 eV/A was obtained by Hertat al. for MWNT’s on
deformed. Values for both and| can be obtained from the hydrogen-passivated silicdh.

position (nm) position (nm) position (nm)

IIl. DETERMINATION OF THE CONTACT FORCE
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For reference, we first discuss spectroscopy results on
straight nanotubes lying on a gold or platinum substrate. Fig-
ure 2a) shows the DOS as a function of position for a semi-
conducting nanotube on atomically flat gottl/dV is plot-
ted in grayscale as a function of position on the tubexis)
and sample voltagey(axis). For clarity a singled1/dV(V)
curve is also shown on the right. The white area in the gray-
scale plot corresponds to the semiconducting gap and is bor- . .
dered by two van Hove singulariti€¥HS'’s). A VHS marks 0 50 100 150
the onset of a one-dimensional band in the carbon nanotube position (nm)
band Structure. In this figure we observe the VHS for the FIG. 2. (a) The differential conductancel/dV for a semicon-
conduction band at-1.0 V and for the valence band at ycting tube lying on an atomically flat gold substrate shown as a

—0.1 V. In the valence band, the second VHS is visible akynction of sample voltagey(axis) and position along the nanotube
—0.6 eV. The energies of the VHS are normally assumed t@y axis). The grayscale indicates the magnitudeddfdV: white

be independent of position. Figurgal however, exhibits  corresponds to 0 nA/V, black to 0.2 nA/V. A singlé/dV(V) curve
small (~0.05 eV) variations in these energies, even in thisis also plotted on the right for referencéh) Grayscale plot of
simple case of a nanotube on an atomically flat surface. All/dV(V) as a function of position for a semiconducting SWNT
more dramatic effect is evident in Fig(t2, which shows the lying on a granular platinum substrate. Black corresponds to 0.6
case of a tube lying on a platinum substrate. This surface isA/V. The height profile along the nanotube is plotted bel¢wy.

not atomically flat but instead consists of grains with a typi-Grayscale plot ofdI/dV(V) as a function of position for a semi-
cal lateral size of 20 nm. The corrugation between the peaksonducting SWNT crossing another semiconducting SWRig.

and valleys of the grains is 1.5—2 nm. The height profilel(@]. Black corresponds to 0.2 nA/V. The onset of the first van
(plotted below the STS plpshows that the corrugation on Hove singularity at the valence band edge is marked by a dotted
the nanotube is, however, only 0.5 nm. The nanotube thuline. Fluctuations of the energy of the valence and conduction band
does not follow the contour of the grains, but instead hanggdges are highly correlate@l) Height versus position; the crossing

in between grains at botk~13 andx~32 nm due to its IS located ax~80 nm.

stiffness. In the DOS() plot, a shift of the semiconducting

gap towards negative energies is observed at these positiorssich large fluctuations are not normally observed for tubes
We interpret this shift as a change in the amount of chargdying flat on an A111) surface, we attribute them to the
transfer between the nanotube and the substfdtmping” ) presence of the crossing. Accounting quantitatively for these
due to variations in the strength of interaction with the sub-fluctuations is difficult because several parameters are poorly
strate. Such band bending is also exploited in nanotube fieldknown (e.g., the amount of charge transfer at the nanotube-

IV. SPECTROSCOPY RESULTS ails WL T : biF
We now turn to the effect of a crossing on the electronic s f/ S
structure of the SWNT’s. We have performed STS measure- Q )
ments on the upper nanotube as a function of position for a % ol 1 §
number of crossings. In STS, the STM tip is held at a fixed o Nyt e
distance from the sample and the differential tunnel conduc- 2 | -
tancedl/dV is measured as a function of tip-sample bias | €5E 7{ /_\
It can be shown thall/dV(V) is approximately proportional 45k 3 0 ,
to the density of state®OS) at energye V.2 Such measure- 0 25 50 0 25 50
ments were repeated on a series of equally spaced positions position {om) did position {om)
along the longitudinal axis of the tube with sub-Angstrom ¢ 1 el N
resolution. We find that a crossing can have two different s . i
effects on the local electronic structure in a carbon nanotube, Py
viz., band bendindi.e., spatially dependent energy bands g 0
and the formation of localized states. g
(1]
1]
o]

height (nm) &

O—tl\)w#—l‘
™17

effect transistors. nanotube junction and this will not be discussed further
Figure 4c) shows STS measurements for a semiconducthere.
ing nanotube crossing another semiconducting nandidee In addition to band bending, crossings can exhibit more

Fig. 1(a)]. At the onset of the valence band a dotted line issevere perturbations of the electronic structure, namely the
plotted as a guide to the eye. The second VHS in the valendermation of additional states. FiguregaB-(c) show STS
band is also visible. Following the position in energy of thedata taken along a metallic tube crossing over a semicon-
VHS along the length of the tube, we observe energy flucducting tubgFig. 1(b)]. The central region in energy, with a
tuations of about 0.25 eV. Similar fluctuations are also obwidth of ~1.8 eV, is bordered by two van Hove singulari-
served in the energy of the first VHS of the conduction bandties at about-0.8 and 1.0 eV, as shown in Fig(e}.?®

The fluctuations in both valence and conductance band are The height profile over the junction is also plotted in Fig.
strongly correlated, indicating local band bending. Since3(d). At the top of the crossing, near=50 nm, two peaks in

115423-3



JANSSEN, LEMAY, KOUWENHOVEN, AND DEKKER PHYSICAL REVIEW B65 115423

V. DISCUSSION AND CONCLUSIONS

o
£

~a b

§ [ 11 The contact force that we determine experimentally

< would, according to calculatiorf§ result in a weak electrical

3 contact between the nanotubes. These calculations suggested
° that backscattering due to the crossing is very weak and that

the intratube conductance is only slightly reduced. We in-

stead observe a severe distortion of the electronic structure
even in the case of small forces and expect this to have a
significant impact on backscattering. Direct comparison is,

however, not possible since published simulations only pro-

vide information on the conductance, whereas our experi-
ment only measures the local density of states.

The layout of our crossings is very similar to that used in
transport measuremerft§, but the underlying substrates
[SIiO, for transport measurements and (Ail) for STM
measurementsdiffer. Nonetheless, the binding energy be-
tween nanotube and substfatand the height profile at the
crossing are comparable in the two cases. We therefore ex-
5 pect changes in the electronic structure induced by the cross-
4 ' r r ing to also be comparable. The interpretation of the transport
5kd o measurements has so far been based on tunneling between
2
1
0

bias voltage (V)
o

1
=y

J nanotubes whose bulk electronic properties are not affected
by the crossing. We have shown here that the local electronic
! 1 1 structure can instead be severely distorted, that is, that the
0 25 50 75 100 bulk electronic properties can be strongly affected. This is
position (nm) further supported by recent electrostatic force microscopy
FIG. 3. Differential conductance for a metallic SWNT crossing (EFM) measurements which found that a large intratube re-
a semiconducting SWNTFig. 1(b)]. (a) Differential conductance Sistance is present at the crosstg.
dI/dV versus sample bia¥ far from the crossing. The DOS is It has been suggested that carbon nanotube crossings pro-
finite around near the Fermi level, and van Hove singularities ar&yide an excellent opportunity to probe the interaction be-
observed at-0.8 and~1.0 eV.(b) dI/dV(V) at the position of tween Luttinger liquids, and some experiments have already
the crossing. Two additional peaks are visible-dt.3 and—0.6 ev,  been interpreted in this contekt® Calculations so far have,
whereas the DOS in the pseudogap is suppressed betw@énand ~ however, neglected scattering due to the presence of the
+0.3 eV. (c) Grayscale plot of the differential conductance as acrossing’’ The effect of scattering is expected to be large
function of sample bias voltagey (axis) and position along the since, for example, an impurity is predicted to lead to van-
metallic tube & axis). White corresponds to 0 nA/V, black to 0.2 ishing conductance in a Luttinger liquid &t=0. Our obser-
nA/V. The dotted lines indicate the positions of the curves shown irvation of a severe distortion of the electronic structure at the
(@ and (b). (d) Height versus position; the crossing occursxat Ccrossing implies that the approximation of negligible scatter-
~50 nm. ing probably does not hold under current experimental con-
ditions. Additional experiments which minimize the amount

indi h 4DOS-a0 3 eV and—0.6 eV Th of mechanical strain at the crossing, or corrections to the
Indicate an enhance ab.5 evant—0.0 eV. 1NeS€ naqry to include the role of this strain, will be required to

states are highly localized near the crossing. At the SaMmE.<lve this matter

position we observe a reduction in the DOS at energies be-" o, yany we have presented STM and STS results on
tween—0.2 and 0.3 eV, which appears as a white region in

Fig. 3(c). These features are qualitatively consistent withSWNT junctions. From analysis of topography measure-
Coulomb blockade for tunneling into a small island. An ments, we estimated the contact force between crossing

estimate for the size of such an island can be obtainefan0tubes to be at most 1 nN. Spectroscopy measurements
from the energy spacingtE=0.3 eV between the two ©N crossed tubes show clear modifications of the band struc-
localized peaks. Using=ho/2AE, wereh is Planck’s con- ture due to the crossing. Two types of effects were observed:

stant andv;=8.2x10" cm/s?* we obtainL=6 nm. This bhand l?)ePdltng WZKI:h V‘i.e a(;t”:)lf[te t(? n?nqn;formt_doplkr;gt by
agrees well with the observed extension of about 8 nm. Ti € Substrate, and localized slates aue to Interactions between

convolution does not have a big effect since the heighfhe nanotubes at the crossing.
change on top is small in the length direction of the nano-
tube.

Localized states can arise from severe topological distor- The nanotube material was kindly supplied by R. E.
tions like buckle€>2®in which atomic bonds are rearranged. Smalley and co-workers at Rice University. This research
As discussed in Sec. Il, however, such a distortion is unlikelywas financially supported by the Dutch Foundation for Fun-
to be present here. This strongly suggests that the interactiatemental Research on MattéFOM) and the European
between the tubes at the crossing is responsible for the fe&ommunity SATURN Project. S.G.L. acknowledges addi-
tures observed. tional support from NSERC of Canada.

height (nm)

the DOS appear, as emphasized in Fidp)3The black areas

ACKNOWLEDGMENTS

115423-4



SCANNING TUNNELING SPECTROSCOPY ON CROSSED. . .. PHYSICAL REVIEW6B 115423

15.J. Tans, M.H. Devoret, H. Dai, A. Thess, R.E. Smalley, L.J. 5238(2000. We use 2.6 eV as the value for the overlap integral

Geerligs, and C. Dekker, Natufeondon 386, 474 (1997. Yo, see Ref. 24.
2M. Bockrath, D.H. Cobden, P.L. McEuen, N.G. Chopra, A. Zettl, 16 For a review, see A. Krishnan, E. Dujardin, T.W. Ebbesen, P.N.

A. Thess, and R.E. Smalley, Scien2e5 1922(1997). Yianilos, and M.M.J. Treacy, Phys. Rev. 38, 14 013(1998,
83.J. Tans, A.R.M. Verschueren, and C. Dekker, Natummdon and references therein.

393 49(1998. 7T, Hertel, R.E. Walkup, and Ph. Avouris, Phys. Re\6® 13 870
4R. Martel, T. Schmidt, H.R. Shea, T. Hertel, and Ph. Avouris, (1998.

Appl. Phys. Lett.73, 2447(1998. 18A H. Cottrell, The Mechanical Properties of Mattédohn Wiley
SH.W.Ch. Postma, T. Teepen, Z. Yao, M. Grifoni, and C. Dekker, & Sons, New York, 1961

Science293 76 (2001)). 19R. WiesendangeScanning Probe Microscopy and Spectroscopy
67.Yao, H.W.Ch. Postma, L. Balents, and C. Dekker, Natloa- (Cambridge University Press, Cambridge, England, 1994

don) 402, 273(1999. 20y.G. Yoon, M.S.C. Mazzoni, H.J. Choi, J. Ihm, and S.G. Louie,
"H.W.Ch. Postma, M. de Jonge, Z. Yao, and C. Dekker, Phys. Rev. Phys. Rev. Lett86, 688 (2001).

B 62, 10 653(2000. 21T, Hertel, R. Martel, and Ph. Avouris, J. Phys. Cheml@®, 910

8M.S. Fuhrer, J. Nygard, L. Shih, M. Forero, Young-Gui Yoon, (1998.
M.S.C. Mazzoni, Hyoung Joon Choi, Jisoon lhm, Steven G.?2]. Tersoff and D.R. Hamann, Phys. Rev3B 805(1985.

Louie, A. Zettl, and Paul L. McEuen, Scien288, 494 (2000. 23\ small suppression of the DOS can also be seen near zero bias
9J.W.G. Wilder, L.C. Venema, A. Rinzler, R.E. Smalley, and C.  with an energy width of~50 meV at all positions. This feature

Dekker, NaturgLondon 391, 59 (1998. is present in most of our STS measurements on metallic
107, Odom, J.-L. Huang, P. Kim, and C. Lieber, Natit®ndon SWNT's (Ref. 15 and will be discussed separately.

391, 62 (1998. 243.G. Lemay, J.W. Janssen, M. van den Hout, M. Mooij, M.J.

13.W. Janssen, S.G. Lemay, M. van den Hout, M. Mooij, L.P.  Bronikowski, P.A. Willis, R.E. Smalley, L.P. Kouwenhoven, and
Kouwenhoven, and C. Dekkdfjrchberg 2001 Conference Pro- C. Dekker, NaturéLondon 412 617 (2001).
ceedings edited by H. Kuzmany, J. Fink, M. Mehring, and 2°S. lijima, C. Brabec, A. Maiti, and J. Bernholc, J. Chem. Phys.

S. Roth, AIP Conf. Proc. No. 590AIP, Melville, NY, 2002, 104, 2089(1996.

pp. 293-297. 26A. Rochefort, Ph. Avouris, F. Lesage, and D.R. Salahub, Phys.
2, Ouyang, J.-L. Huang, C.L. Cheung, and C.M. Lieber, Science Rev. B60, 13 824(1999.

291, 97 (2001). 2T, Bachtold (private communicationsthe measurement method
133.W.G. Wildeer, A.J.A. van Roy, H. van Kempen, and C.J.P.M. is described in A. Bachtold, M.S. Fuhrer, S. Plyasunov, M. For-

Harmans, Rev. Sci. Instrung5, 2849(1994). ero, E.H. Anderson, A. Zettl, and Paul L. McEuen, Phys. Rev.
143, Israelachvili, Intermolecular & Surface ForcegAcademic, Lett. 84, 6082(2000.

London, 1994 283, Kim, K. Kang, J. Lee, K. Yoo, J. Kim, J. Park, H. So, and J.
15| .C. Venema, J.W. Janssen, M.R. Buitelaar, J.W.G. Witd&.G. Kim, cond-mat/0005088unpublished

Lemay, L.P. Kouwenhoven, and C. Dekker, Phys. Rev6B  2°A. Komnik and R. Egger, Phys. Rev. Le80, 2881(1998.

115423-5



