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Magnetic switching and thermal enhancement of quantum transport through nanowires
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Magnetic-field switching and blockade of quantum transport through three-dimensional metallic and semi-
metallic nanowires with a small number of conducting channels are proposed. Temperature enhancement of
magnetotransport in such wires is predictgsi0163-182806)51620-9

Early investigations of ballistic electronic transport pendicular to the axis of the wire are taken for convenience
through microconstrictions led to the discovery of conduc-to be circles of radia(z), with that in the narrowest part of
tance quantization. Initially this phenomenon was observethe constriction denoted bg,=a(0). We assume also that
in two-dimensional semiconducting structures, manifestinghe functiona(z) describing the shape of the wire is smooth
itself in 2e%/h steplike variations of the conductance as aon the scale okz * (wherek is the Fermi wave vector; such
function of the transverse size of the narrowiisge review smoothness o&(z) may be realized for constrictions with
in Ref. 1). Underlying the phenomenon is the discrete chardarge radii of curvatureRR). The applied magnetic field is
acter of the electronic moddsonducting channelspropa-  oriented parallel to the axis of the wire @irection).
gating through the constriction. Theoretical analysis of the The conductance of the wire;, is determined by a
generation and properties of small three-dimensiqBal) Landauer-type formufd*®
constrictions and nanowires, including mecharficaand ,
electrical(conductance quantizatip(Ref. 4 characteristics, G= ZiE T )
the applications of modern experimental techniques to inves- h mmm’n’s
tigations of such systems, and their fundamental as well as . — . L
potential technological significance, motivated intensifyingWhereTm”?m’“’ Is the transmission probability fqr the Inc-
research efforts of such systefs3 dentmn channel and the sum extends over a]l |nC|dent anq

In the absence of an applied magnetic field the number 0&ransmltted channels. To calculate the transmission probabil-

propagating modes, and thus the conductance in such strufy We need to solve the single-particle Sctiger equation

tures, is determined by the minimum cross section of théN!th a hard-wall boundary condition at the surface of the

constriction. However, shifting of the electronic energy |eV_W|r(_a,_r=a(z). The slow variation Of. the functioa(z) de-
els under the influence of an applied magnetic field may |ea&(,:r|b|ng the” shape of the constrictidive assume that
to significant changes in the conductance. Indeed, analysis & @, a(z)_a (2)<1] allows us to use thg ad|abe}t|c?method
the effect of a longitudinal magnetic field on quantum trans-Of separation O.f transverse a}nd Ic_mgltudlnal variableznd
port in relatively wide wires, characterized by a large numbetIhe wave function can be written in the form
of conducting channef$, described the appearance of step- y=R,(r)eMmZ(2) @)
like fluctuations of the magnetoconductance of 3D micro- z ’
wires, on a scale corresponding to a small fraction of the
magnetic flux quantungy=hcle. It is likely that such fine
fluctuating features have been observed in recent 12 4 D
experimentg>1®

Most observations of well-defined quantized conductance 10 H R —
features have been reported for metallic nanowires with a
small number of conducting channéfd?! In this paper we a
investigate quantum magnetotransport in such systems, and
propose a magnetic switch effect and the occurrence of mag-
netic blockade of quantum transport in metallic and semime- R/,
tallic nanowires. Additionally, we demonstrate that under ap- J 400
propriate conditiongdepending on parameters of the wire 2 T
and on the applied magnetic figldan enhancement of the
magnetoconductance with increasing temperature may occur 0 . . . . . .

G(2e%h)

in such systems. This effect originates from temperature 2 8 4 5 6 7 8
broadening of the Fermi distribution, which can result in an Keay

increase of the number of conducting channels in a magnetic

field. FIG. 1. ConductanceQ, in units of 2%/h) of a 3D wire vs

We consider ballistic electronic transport through 3Dkgag with H=0, plotted for two values dR/a, . Inset: geometry of
nanowires(nanoconstrictions, see inset to Fig. detween a nanowire.a, is the radius of the narrowmost cross section and
two bulk reservoirs. The cross sections of the nanowire perR is the radius of curvature.
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where m is the magnetic quantum numbem€&0, +1, 14
+2,...), and theadial part of the wave functiorR,(r), 8.0
obeys the equation 12 '
A2 [ d 1d m* eHm e*H® | ] 8.0
“omw At T g T T 7 grzal (RAT)
2m* | drc rdr r hc  4h“c

=Emnna(z)]R,r), ()

with the boundary conditioR,[r =a(z)]=0. Herem* is the
electron effective mass and for the vector potential we use
the cylindrical coordinate gaugeA=(A;,A,,A,) with

G(2e%h)

A,=Hr/2 and A,=A,=0. The solutions to this equation j 4.0
may be expressed in terms of the confluent hypergeometric 21
function?° 25 \1
0 T T T T T T T ¥ T
E [a(z)] |m|+m+1 0 1 2 3 4 5 6 7 8 9
— at2g|mli2p| _ [ Zmn _

FIG. 2. ConductanceQ, in units of 22%/h) of 3D wires vs the

+ 1,§(r)}. (4) dimensionless magnetic flux= ¢/ ¢,. The different curves corre-

spond to the marked values &fa,. The four lower curves de-

Here &(r)=m* wcr2/2ﬁ= H7'rr2/¢0, and w.=eH/m*c is scribe conductance behavior for long wird?/é,=400), and the

the cyclotron frequency. The transverse adiabatic energy leyPPer one corresponds to a shorter wiRid,=25) where smear-
elsE,,(2) are expressed according to the boundary condiind of the steps due to tunneling becomes significant.
tion in terms of the zeros of the confluent hypergeometric » 2
function F(the zeros of this function are indexed by (Ref. £0)_ i vin ®)
21). mnTom*a?(z)

The motion of the electron through the wire direction
is described by the longitudinal part of the wave function,

which is the solution of

In this case the positions of the conductance steps are deter-
mined by the sequence of zeros of the Bessel function,
vmn, and the step heighisingle or doublg depend on the

h2 d2z m degeneracy of the energy levélsee Fig. 1, where the
~om* a2 TEmla(2)12(2)=EZ(2). (5)  conductance in units ofed/h is plotted versugga, for two

values of the parameteagag) ~*=R/a,. Note the increased
Near the narrowmost part of the constrictian; 0, the effec- smearing of the steps due to tunneling effects in the shorter
tive potentialE,Ja(z)] in Eq. (5) may be expandefhs in  wire* (dashed ling

Ref. 19 to second order with respect to the variabld.e., To obtain the magnetic-field dependence of the conduc-
) tance we compute the zeros of the confluent hypergeometric

1 9°Emd ao] function F{—[K2 a5/4a—(|m/+m+1)/2],|m+1,a},

Emn[a(z)]:Emn[aO]+§ mn 72 (6) { [ mn©0 (| | ) ]| | }

wherekZ, ,=2m* E,,(ap)/%2, anda= ma3H/ ¢, is the mag-
) - ) 5 netic flux through the narrowmost part of the constriction in
where 9°Eyao)/92°=(dEmd aol/9a)(9°a/92°) <0 (the  ,nits of ¢,. The dependence of the conductance on the di-
inequality follows from numerical analysis of the spectium ansionless fluxa for different values of the parameter
In this case the_ transmission probability has a diagonal forrrp<Fao (i.e., for several values of the number of conducting
(no modes mixing (Ref. 20 channels, see Fig.)1s displayed in Fig. 2. The behavior of
1 the conductance demonstrates a “magnetic swit@ri and
Trnrmn=1+€xp{ = 27 E—~Enn(@0) [ (~ 4%/ m*) off) effect and “magnetic blockade” of the quantum elec-
X PPEmn(@0)/ 9221Y3. (7)  tronic transport in wires with small values &ka, (i.e.,
small number of transport channels, see, for example, the
In the absence of tunneling the transmission coefficienturves forkrap,=2.5 and 4 in Fig. 2 Note that for a nano-
transforms to a step functiod E—E(ao)], accordingly, wire with the same geometry.e., sameR/a,) smearing of
the threshold energy for each channel in the plar® is  the magnetic steps is largérompare upper curve in Fig. 2
equal toE,,(ap). Channels with energids>E,(a,) pass with the dashed line in Fig.)1This is due to the slow de-
through the wire with unit probability while others are re- pendence of the energy levels on the magnetic field resulting
flected. Consequently, in this case the transmission probabiin the increased role of tunneling effecishe cause of the
ity [and thus the conductance, see EL] is a sharp step- local maximum neare~5.5 in the curve forkrag=4 is
wise function of the transverse size of the constriction andliscussed below in the context of Fig(ai]
the magnetic-field strength. The magnetic-field behavior of the conductaitesy., the
In zero magnetic field Eq. 3 reduces to the Bessel equanagnitude of the applied field for which a switch to a differ-
tion and the transverse energy IevE%Jr)] are given by the ent conductance level occlirs very sensitive to the trans-
expression verse size of the constriction in the wire. Figure 3 portrays
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FIG. 3. Conductance@, in units of 22/h) of very long 3D .
nanowires vsa= ¢/¢y. The different curves correspond to the &
marked close values d&-a,. £
~ 5
such a behavior for different but relatively close values of the
parametekgag, illustrating that for wires characterized by 4
the same zero-field conductance switching may occur for a keag
broad range of magnetic-field strengths, depending on small 37
variations in the transverse dimensions of the wire.
In the above we discussed the conductance behavior of 2 . . . * . .
0 1 2 3 4 5 ] 7

long nanowires, where tunneling effects are small, and at
zero temperature. In shorter wires tunneling becomes more
important leading not only to ordinary “smearing” of the
cor_lductance stefisee Fig. 2 but under_some circumstances nanowires vsr for krag= 3.3 corresponding to one channel at zero
to increase of the Conductance: In F'qa)‘“".’e plo.ttEd .the agnetic field'see Fig. 1 In (a) the different curves correspond to
conductance versus the magnetic flux for wires with dlfferen{:1

. . . arious lengths of the nanowirge., different values oR/ay), as
lengths. The increase of the conductariegximum in the denoted. In(b) the different curves correspond to various tempera-

vicinity of a~3) is related to the flux dependence of the res measured in units ofed/(keap)?, where e is the Fermi
transverse energy levellsee Fig. 4c)]. This behavior of the  gnergy. (c) Dependence okpay [K2,=2m*Eni(@)/#%] as a
conductance originates from a finite probability of tunnelingfynction of « for different values of the quantum numbersand
in a short wire of the second channel nea¢ 3. Even more  n. The dotted line corresponds to the vak@, used in(a) and(b).
remarkable is the influence of the temperature on the con-
ductance demonstrated in Figlbt where the conductance ing nanowires as the most suitable systems for observation of
of a long wire (where tunneling is insignificantis plotted the magnetic switch and blockade effects described above.
versus flux for different temperatures. The predicted temfor example, in bismuth the Fermi wave vector is
perature enhancement of the quantum transport is due in this2x 10° cm~1. Forkegay=2.5 (i.e., ag~10 ® cm), corre-
case to an increase of the transmission probability of a quarsponding to a single conducting chanriske Fig. 1, the
tum channel located in the vicinity of the top of the tempera-magnetic field needed to create a magnetic flux quantum in
ture broadened Fermi distribution. Consequently, throughhe wire is abou1l—|=<;b0/7-ra§~ 10-15 T, which is readily
variation of the applied magnetic field one may achieve conaccessible experimentally. For thicker wires with a larger
ditions that would result in enhancement of the conductancequmber of channels, observation of the switch effect would
of tunneling or thermal origins. require even lower fields. Note also that at low temperatures
We turn now to issues pertaining to experimental obserthe conditions for ballistic transport are readily satisfied in
vations of the predicted magnetic switch and blockade efbismuth wires and whiskers, even on the micron scale. Fi-
fects in nanowires. As aforementioned, the sharp steps in theally, for Bi the temperatures used in Figbfdescribing the
conductance as a function bff (Fig. 2) are caused by shifts temperature enhancement of the conductance range between
of the electronic energy levels in the presence of a magnetit and 20 K.
field. The change in the magnetic flux required to shift en- The experimental situation becomes more complicated in
ergy levels by an amount of the order of the average spacingormal metallic nanowires. For typical metals, for example,
between transverse energy levels in 3D wires of commomyold or sodium with well-defined conductance step
metals, i.e.~ ex /(Krag)?, may be largde.g., about one flux structure$~° the Fermi wave vector is-10° cm™1. For
quantume,), and consequently for wires with a small num- kra,= 8, corresponding to twelve conducting channélig.
ber of conducting channels may require excessively large), the magnetic-field strength(10° T) required in order to
magnetic fields. This suggests semimetallic or semiconductreate a flux quantum is beyond current normal capabilities.

FIG. 4. (8 and(b) Conductance @, in units of 2?/h) of 3D
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Consequently we suggest that to observe magnetic-switchr compression In this case, as seen from Fig. 3, one may
steps in such systems it would be necessary to select wirdd configurations for which magnetic switching and ther-
with the largest transverse energy level located near th&nal enhancement of the quantum transport can be reached
Fermi energy, corresponding to positions in Fig. 1 in thefor accessible values of the applied magnetic field.

vicinity of the thresholds for opening or closing of a quan-  Thjs research was supported by the U.S. Department of
tum conductance channel. This could be achieved by varyingnergy and the AFOSR. Computations were performed on
slightly the wire’s cross-sectional radiie.g., through me- CRAY computers at the GIT Center for Computational Ma-
chanical manipulation of the wire, such as slight elongatiorterials Science.
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