PHYSICAL REVIEW B VOLUME 57, NUMBER 11 15 MARCH 1998-|

Noise in three-dimensional nanowires
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Noise spectra in adiabatically shaped three-dimensional nanowires, modeled via hard- and soft-wall confin-
ing potentials, are studied in field-free conditions and under the influence of applied magnetic fields, as well as
finite voltages. Quantum-shot-noise peaks in such nanowires occur when the quantized conductance of the wire
changes from one conductance plateau to another. The amplitudes of these peaks are suppressed for effectively
longer wires reflecting enhancement of the time correlation between current-carrying states. In a magnetic field
the shot-noise peaks split and shift due to lifting of degeneracies and shifting of the energies of the conducting
modes. This can lead to magnetic-field-induced blockade of shot noise in hanowires. In a transverse magnetic
field cross-sectional shape anisotropy of the nanowire may influence the noise spectrum due to dependence of
the contributions from current-carrying edge states on the direction of the applied field. Control of the noise
spectrum in nanowires through applied finite voltages in field-free conditions and under the influence of
applied magnetic fields is demonstratE80163-182608)05211-4

I. INTRODUCTION ber of electrons passing through the circuit is binomial rather
than Poissonian as is the case for classical shot noise pro-
Ballistic quantum systems are unique objects where elegduced by uncorrelated electrohsConsequently, any factor
tronic quantum properties may be manifested on a macrghat decreases the transmission probability of the electron
scopic level. One of the most intriguing examples of suchthrough the nanoconstriction will increase the value of the
systems is a ballistic nanoconstriction, or a nanowire. Due t&hot noise in a quantum ballistic conductor; for example,
the discrete character of the electronic spectrum, transpowhen the length of the quantum wire is shortened or when
through such nanowires is characterized by kinetic coeffithe electrons have to pass through a tunnel barrier or sur-
cients exhibiting new features, such as conductance quantiount a high &kgT) barrier.
zation in units of 2%/h and thermopower peaks as a func-  In this paper we discuss noise properties of 3D nanowires
tion of the electron energyor equivalently, the physical modeled by hard or soft confining potentials. Since common
dimension of the nanowilewhich differ from their classical methods for preparation of 3D nanowife@.g., tip-based
counterparts. Such behavior occurs in two-dimensi¢2@) ~ methods, mechanical break junctions, and pin-plate sptups
wires as well as in three-dimensioné8D) ones®™ do not allow generation of well-controlled reproducible
In this paper we focus on investigations of noise in 3Dstructures, transport in 3D nanowires may be better con-
nanowires. Two sources of noise occurring in ballistic sysirolled and studied through the use of applied external fields.
tems have been identifiedi) thermal or Johnson-Nyquist To this aim, we demonstrate that shot noise in nanowires
noise andii) shot noisesee, for example, reviews in Refs. 5 may be induced and controlled by applied magnetic fields as
and 6. The latter is due to discreteness of the charges of thwell as applied finite voltages.
electrons and occurs only under appropriate conditions. The paper is organized as follow#} in Sec. Il we review
Early investigationsdemonstrated the absence of shot noisedriefly some of the pertinent aspects of quantum shot noise
in classical ballistic constrictiongwith sizes much greater and outline the method of calculatiofii) results for noise
than the Fermi wavelength,z) where the conductance can spectra in 3D nanowires modeled using hard- or soft-wall
be described by the Sharvin expression. confining potentials, with and without applied external mag-
The situation may change significantly in constrictionsnetic fields, are presented in Sec. Ill, and dependencies on
with lateral sizes comparable 1o-. In such systems quan- magnetic-field strength and orientation, as well as on the
tum electronic transport can be described in the frameworkvire’s geometry, voltage difference, and temperature, are in-
of a Landauer, or scattering, formalistipplication of this ~ vestigated. A summary of the results is given in Sec. IV.
approach to studies of noise propertfed®led to the discov-
ery of the shot noise in 2D quantum constrictidhs:*It has Il. NOISE SPECTRUM AND METHODS
been shown that noise in quantum point contdeturring OF CALCULATIONS
in the regions of the transitions between conductance pla-
teaus is suppressed compared to its classical vaRel,
wherel is the average current arelthe electron charge We consider noise properties of nanowires connecting
attaining the full value only in ballistic conductors where the two reservoirs with a bias voltage applied between titiesn,
transmission probabilities of all channels are small; this—V/2 in the upper one and/2 in the lower one, see inset in
originates from correlations due to the Fermi statistics of the~ig. 1. In the Landauer formalism the spectral density of the
electrons(Similarly, for a biased quantum conductor at low noise, P, may be expressed in terms of the transmission
temperature the probability distribution function of the num- probabilities and in the low-frequency limit it has the fGrfn

A. Thermal and quantum shot noise
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wherel’ , is a parameter determined by the shape of the wire,
and in general it depends also on the conducting channel. As
shown below[see Eq.(15)] the parametel’, for a wire
modeled via a soft-wall confining potential is independent of
the conducting channel, i.d.,,=T for all . Consequently,

in this model T,(1-T,)=(1M1)dT,/JE, and taking into
account the definition of the conductance we obtain

2 eViG

Pv="7 e ®)

From the expression for the thermopower coefficient of
the nanowireg(see, for example, Ref. 16

kea,
E aT,
FIG. 1. The conductanadgn units of 2e%/h) plotted vskra, for WzkéT « OE
cylindrical wires modeled via a hard-wall confining potentialTat S P (6)
=0 and forV—0 andH=0. The dashed and solid lines corre- E Ta
sponds to constant volume and constant shape elongations of the @

wire. Note increased smearing of the conductance steps for the ¢ tha for (adiabatically shapgdvires modeled via a
constant shape case, particularly as the minimal cross-sectional ra- . .

; - . Soft-wall model potential the shot-noise power can be ex-
dius decreases. The geometry of the wire is shown as an inset.

pressed as a product of the conductance and thermopower

) coefficient,
2e° (=
Pzsz dE{[Fo(1—fp)+fo(1-F)]> T (1-T,) oV
[0} a
PV_TLOF GS, 0
— _ 2
FITa(1 =)+ 121 fz)]é Taf @ wherelL o= m?k3/3¢? is the Lorentz number.

Finally, we comment on the influence of the length of the
heref,(E)=f(E—eVIi2—u), f,(E)=f(E+eV/2—u), f is  nanowire on the shot-noise power. AgT<eV Eq. (1) re-
the Fermi distribution function, and is the chemical poten- duces to

eV
tance channelsare determined from the solution of the Py= 5 M‘?)
Schralinger equation. We assumed that all the coefficients

tial. The transmission probabilitieg, (« denotes the trans-
T, are of diagonal form(no mode mixing, valid for wires  with T, andI’", defined in Eq(4). We will assume that eV is

()

« a

verse quantum numbers of the electronic states, i.e., conduc- 2e? 1 eV
h 2 F_ ol M “la

with adiabatically varying shapés. smaller than the spacing between the transverse energy lev-
In equilibrium, for zero applied voltage, E@l) leads to  els. In this case the shot noi¢8) as a function ofu (or,
the standard expression for thermal noise equivalently, as a function of the minimum cross-sectional
radiusay), contains a set of peaks locatequat E, (in a plot
Pr=4kgTG, (2 of the conductance versys these points correspond to the

centers of the step risewith their widths equal to eV. Let us

whereG is the conductance of the wirg,is the temperature, qnsider the maximal value of the shot noise for one of these
andkg is the Boltzmann constant. In the opposite case of "beaks Fopw=E,, we obtain
. o

finite voltage and in the limit of low temperatutegT<eV

<u, allowing us to neglect any voltage dependence of the 2e2 1 eV
transmission coefficientswe have the expression for the P(‘}’max=2TF—tam'(Fa T) 9
shot noise “

0e? In the limiting case where the paramelgy eV/2<1, Eq.(9)

e
Py=2 eV X T,(1-T,). (3 Pecomes
’ . 2e? 1 1 ev\?

The latter expression describes peaks of noise spectral den- PVmac2 V7115 | e 5| |- (10

sity in the vicinities of the conductance steps in 3D wires as

well as in 2D ones!**In the limit T,<1 the shot noise is Note, that to a linear approximation W Eq. (10) yields the

described by its classical valu®,=2el, wherel =GV. same result for the maximal value of the shot noise for chan-
For adiabatically varying wires, the transmission prob-nel « (i.e., T,=3) as Eq.(3). This sets the condition for the

abilities have a Fermi-function-like forrfsee below, validity of Eqg. (3), i.e.,I', eV/2<1. In this context we re-
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mark that the generalizati_on of E(B) to include ponlingar . U(x,y,z2)=Ug— tm* wfzz+%m*(w)2(x2+w§y2). (14)
corrections to the shot noise can be easily obtained, yielding
The parametew, /w, describes the degree of anisotropy of
eVv)\? the cross section of the constrictidbeing circular when
ag | | wy/wy=1), and the ratio of the effective frequencieg and
(11) @y !0 o, determines the effective length of the witdn this
model the transmission coefficients may be determined for
magnetic fields of arbitrary strengths and directions, and
have a form similar to that given in Eq(13), i.e.,

e2

o << Ya
Py=2 eV h (11 9.)?

1-4y,+92

L 1+ 7.)?

wherey,=exdl (u—E,)].
WhenT", eV/2>1, we obtain

2’ 1

h T',’
In this limit the maximum value of the shot-noise power is
independent of the applied voltage.

It can be easily showA*thatT",~ R, whereR is the In this section we present results for quantum noise spec-
axial radius of curvature of the nanowifgee insetin Fig.)1  tra in 3D nanowires modeled by haf@ec. Il A) or soft
From Eqs(9)—(12) it follows that the maximum value of the (Sec. Il B) confining potentials.
shot noise decreases with an increas®ofThis is a mani-
festation of the enhancement of the time-correlations be-

tween current-carrying states in long quantum constrictions

(discussed in Ref. 19 in connection with 2D constrictions ~ Prior to discussion of the noise spectra we show in Fig. 1
the calculated magnetic-field-free conductance in 3D nanow-

ires with axial cylindrical symmetrysee inset in Fig. 11 for
) ) o zero temperature and—0. Results forG (in units of g
For calculations of the noise spectral density in 3D—2e?/p) as a function okga, are shown for two cases:(i)
nanowires we use Egl), with the constrictions modeled by Results calculated for a wire where the raRéa, between
using either hard- or soft-wall confining potentialls. In the the axial radius of curvatureR) anday is kept constani.e.,
hard-wall model we assume that the cross sections of thgjres of similar shapgsare indicated by a solid line showing
constriction normal to the axis of the wire are circles of radii 5 quantization sequencegd.2do,2do,1o,... reflecting the
a(2), with the one in the narrowmost part of the constriction cyjingrical symmetry of the wirdm degeneracy of the en-
denoted bya,=a(0) (see inset to Fig.)1 The applied mag- g4y |evel3? with some smearing of the step rises due to
netic field is oriented parallel to the axis of the widi-  ynneling (these corrections decrease for larger values of
rection. The transmission probabilities, are determined Rlay): (i) since in common methods for generation of
from the solutions .O.f thg SC“"“’?QGF equation with a D'”C.h' nanowired* they are formed through elongation of a contact
let boundary cond|t|0r§|:e., vanishing of the wave functlon with constant volume(as predicted by early molecular-
on the surface O,flthe vx_n)eSmoothr?ess of the functica(z) dynamics simulatiori$ we show for comparison results-
:)n theticalzpf:; i (ke ":_'hthg Fferml Wzatye Vefcw’@”%"’és u; dicated by a dashed linéor a wire whose volume was kept
tﬁeuiﬁeffsc iaenI%' al r'fa \r/neea g)ia ;0 r?:ﬁi;?ﬁ;%nn?og:ﬁgixinz% EonSFant with a value corresponding Riao=10 atkga,
a g =8 (in this calculation the radius of the largest cross section
-1 _ 2 . was taken as and held constant, i.e., this calculation
Tnymn= 1+ €Xp{ =27 E=Emn(0) J/[(=A7/m*) simulates stretcioing and consequent narrowing of the wire, at
XEr (0)]Y3, (13  constant volume We note diminished smearing of the con-
ductance steps for effectively longer wirg., lower values
where Ejp, (0)=d°Enn(0)/dZ%, Enn(z) are the adiabatic of kea,) due to reduced tunneling effects. Apart from some-
(transverspenergy levels of electrons for a cross section ofwhat less smearing of the conductance steps for the constant
radiusa(z), m andn are the azimuthal and radial quantum volume case, the results of the above two models are rather
numbers, respectivelyn=0,=1,...;n=1,2,...), andm* similar.
is the electronic effective mass. Wher=0 the energy lev- In Fig. 2 we show results for the noig® in units of
els are determined by the zeros of the Bessel function, an(4e?/h)E, whereEg is the Fermi energyfor the two mod-
for H#0, they are computed as the zeros of the confluengls (i.e., constant shape and constant volume elongations,
hypergeometric functioh” The second derivative of the en- solid and dashed lines, respectivelyith H=0 and eVE¢
ergy may be expressed in the fdfin En(0)= =0.05, for wires with various effective lengtii®nger wires
—En(0)S"(0)/S(0), where S(z) is the area of the cross correspond to larger values dR/ay), at a temperature
section of the wire at. In this case the transmission prob- kgT/Ex=0.005(and forR/ay= 10 also for a lower tempera-
ability is defined in terms of the electronic energy levels atture kg T/Ex=0.002, upper curves The noise on the pla-
the narrowmost park,,,(0) and the geometrical factor teaus is of thermal origin and the peaks at the step rises are
S’(0)/S(0) which determines the effective length of the mainly due to quantum shot noise. We observe that the am-
wire plitude of the shot noise reduces for effectively longer wires
In the soft-wall confining potential model we use a 3D (increasingR/ag), and it is somewhat smaller for the con-
generalizatiof? of the 2D Buttiker modef! which has a stant volume case. We also note the relative increased shot-
form noise amplitudes for the lower temperatgcempare the two

P ma==2 (12) Tronmn=1+exp =27 E—Emn(0) —Ugl/fiw,}. (15

[ll. QUANTUM NOISE IN 3D NANOWIRES

A. Hard-wall confining potential

B. Method of calculations
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FIG. 2. Noise(in units of 4Ee?/h) plotted vskga, for cylin-
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FIG. 4. Noise(in units of 4Ee?/h) plotted vse/ @,, Wherep

drical wires modeled via a hard-wall confining potential, dashed= 7a3H and ¢,=hc/e is the flux quantum, for a cylindrical wire
and solid lines correspond to constant volume and constant shapgth R/a,=10, kgT/Ef=0.005, and eVE-=0.05. Results are
elongations, respectively. In all cases the applied voltage ishown for several configurations of the wire specified Kpa,

eV/EL=0.05 andH=0. The values of the effective length of the
wires (R/agy) and temperaturekgT/Eg) are as denoted. Note the
reduced shot-noise amplitudgseaks for longer wires.

upper sets of curves fdgT/E=0.005 and 0.002 due to a

=2.5, 4.0, and 5.5corresponding to 1, 3, and 5 conducting chan-
nels under magnetic-field free conditions; compare Fighbte the
magnetic-field-induced “noise blockade,” for thga,=2.5 case.

main effect of the magnetic field is to remove the conduc-

decrease in the magnitude of the thermal noise. Since agagnce mode degeneracies and shift their enefgigsis is
the results of the two models are rather similar, we limitportrayed by splitting and shifting of the quantum-shot-noise
ourselves in the following to wires elongated with constantyeaks: these effects are progressively more pronounced as

shape.

increases.

The influence of externally applied longitudinal magnetic  The noise spectra
fields on the noise spectrum is shown in Fig. 3 for a constant-_ _ wagH is the magnetic flux through the narrowest cross

shape wire R/apg=10), with kgT/E=0.005 and eVE.
=0.05, for two magnetic-field strengtisys./Er=0.15 and
0.3, wherew,, is the cyclotron frequency.=eH/m*c. The

the possibility of cont

plotted in Fig. 4 verspkp,, where

section andpg=hc/e is the flux quantum, for several indi-
vidual values okrag (2.5, 4.0, and 5.5, corresponding to 1,
3, and 5 conducting channels far=0, see Fig. 4, illustrate

rolling the amplitude of the noise by

014 the magnetic field, and even achieving “noise blockade” for
0.08
;5\ 0.07
q"I.I.
w
I _
o <
@ 0.06 -
w
I
a
0.05
0.00 . .
) 6 5 8 0.02
0.04 T T T T
o ) ) 0 1 2 3 4 5
FIG. 3. Noise(in units of 4E-e?/h) plotted vskga, for a cylin- o0
drical wire modeled via a hard-wall confining potential, witha, 0
=10, kgT/E=0.005, eVEL=0.05, and for three values of an ap-
plied longitudinal magnetic field, specified thyo./Er wherew, is FIG. 5. Dependence of the noise spectrumg¥e, shown in

the cyclotron frequency. Note splitting and shifting (sho) noise
peaks induced by the magnetic field.

ference across the wire.

Fig. 4 for kray=5.5, on the magnitude of the applied voltage dif-
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FIG. 7. A(V,T)=P(V,T)-P(0,T)—P(V,0), in units of
4Ere?/h, plotted vs eVEg andkgT/Eg, for a nanowire modeled
by a hard-wall confining potential, witkra;=5.5, andH=0. The
plot illustrates nonadditivity of the thermal and shot-noise contribu-
tions. Contours ofA(V,T) are plotted in the voltage-temperature
plane, with the corresponding values dfas marked.
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B. Soft-wall confining potential

In the previous section we discussed conductance and
/D, 4 S : ‘ quantum shot noise in nanowires modeled by a hard-wall
confining potential. In this section we turn to nanowires
i ) _ ) modeled by a soft-wall confining potenti@ generalization
moZ:e?édGH ;:swr;;’:;itsrgfgt'@lgn;:d‘f f/Ee / r:)) (1;c(>)r5a ;i;?é(‘;"ai'r'] of the saddle potenti&i to three-dimensiorf9 which allows
o B R S M : analytic solutions, and in particular is convenient for inves-
(@, (b), and(c) for krao=5.5, 4.0, and 3.8, vs the combined effects tigati{)ns of the effects of tﬁe orientation of the applied mag-
of an applied magnetic longitudinal fieldp(¢,) and voltage dif- e L . - .
ference (eVEg). netic field(e.g., Io_ngltudlnal ﬂelo_l alo_ng the axis of the Wl_re,’
or a transverse field along a direction normal to the wire’s
axis).
wires with a small number of conducting channglse, e.g., As discussed in Sec. Il the soft-wall confinement is char-
krap=2.5). In comparing the noise spectra versys, (Fig.  acterized by quadratic potentials with andw, correspond-
3) with those plotted versus the magnetic figklg. 4 we  ing to the transverse plang,=w,=w, giving a circular
note that for the same wire geometry smearing of thecross section and w, describing the axial curvature of the
magnetic-field-induced noise peaks is somewhat lafger wire. The conductance of wires with such soft-wall confine-
similar effect occurs for the conductance of nanowires in ament is characterized by a higher degree of degeneracy of the
magnetic field’). Focusing on the noise spectrum fqra,  (transversg conductance channels, compared to the corre-
=5.5 we show in Fig. 5 the influence of the applied magneticsponding hard-wall confinement, and it is shown in the inset
field for several values of the voltage difference across thén Fig. 8 for T=0, H=0, and V—0, plotted versusé
wires, illustrating increased noise variations for larger  =2(Er—Ug)/fhwy, Which is analogous t&ga, for the hard-
The combined effects of external magnetic field and voltagevall confinement.
are shown in Figs. @)—6(c) for krap=5.5, 4.0, and 3.8, Since forH=0 and for a longitudinal magnetic field the
illustrating the sensitivity of the noise spectrum to these exfeatures of the noise spectrum are similar to those shown in
ternally applied fields and the level of control that may beSec. Ill A we focus here on the influence of applied trans-
achieved through them. verse magnetic fielddhe method of solution follows closely
The noise power at finite temperature and voltage incorthat described in our earlier study The noise spectra
porates thermdlEq. (2)] and shotEq. (3)] noise contribu- shown in Fig. 8 for a circular cross-sectional wire for differ-
tions in a nonlinear way. The “nonadditivity” of the two ent values of the magnetic-field strength, and Kkai/Eg
sources of noise is illustrated in Fig. 7 where we plotted=0.005, exhibit splitting and shifting of the noise peaks un-
A(V,T)=P(V,T)—P(0,T)—P(V,0) versus the temperature der the influence of the transverse field (for a detailed
and the applied voltage fdzag=5.5 and no external mag- discussion of transverse magnetic-field effects on the effec-
netic field. From this figure we observe that the noise powetive shape and areas of the constriction, pertaining to the
at finite voltage and temperature can be bigger or smalleconductance of wires modeled by a soft-wall confining po-
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FIG. 8. Noise in a nanowire modeled via a soft-wall potential

. : 0.025 X
with w,=w,=w, and wo/w,= 10, with kgT/Ex=0.005 and 1
T
2

eV/Eg=0.05, plotted v<. Results are shown for different values of 0.03 -
an applied transverse magnetic field, specifiediby. /Eg, where

w, is the cyclotron frequency. Note increased splitting and shifting
of the shot-noise peaks as the magnetic field is increased. Inse

Conductance(in units of 2?/h) of a cylindrical nanowire ¢, 0 ! 8 *
=wy=wy) Modeled via a soft-wall confining potential, fdr=0, o/,

V—0, andH =0, plotted vs¢ =2 (Ex—Ug)/hwg, which is equiva-

lent to the dimensionless paramelten, used in the hard-wall con- FIG. 9. Noise spectrdin units of 4Ege?/h) for a nanowire

finement model. The effective length of the wire is given by mqdeled via a soft-wall potential with, = w,=w, and wy/w,,
wo/w,=/10. Note the higher degeneracy of the conductance stepgiotted vs the magnitude of the applied transverse magnetic field
(in pomparison to that in Fig.)lcorresponding to the harmonic- (specified byw. /w,, wherew, is the cyclotron frequengyResults
oscillator spectral degeneracy. are shown for two values of [5.5 and 7.0 shown irta) and (b),

. L _respectively. In each case results are shown for several values of
tential, see Ref. 20 These results are similar to those dis- the applied voltage across the wire (&) as denoted.

cussed in Sec. Il A for a longitudinal magnetic field.

Noise spectra plotted versus. are shown in Figs. @)
and 9b) for ¢£=5.5 and 7.0, respectively, for different values
of the applied voltage/. For the lowest value of e
=0.025 we observe transitions betwegéimerma) noise pla-
teaus associated with magnetic-field-induced switching be-
tween quantized conductance plateaus, caused by shifting SE
the (transversg electron energy levels by the applied mag-S
netic field. For higher voltage valudsee curves for e\Eg
=0.05 and 0.1 the switching is accompanied by quantum-
shot-noise peaks.

netic field than for the configurations with, /w,=1 and 3,
and therefore the conductance is smaller for this configura-
tion, resulting in smaller thermal noise contributions.
In Fig. 10b) we display forT=0 shot-noise spectra ver-
Sw,., corresponding to wires with the same cross-sectional
apes as discussed above. It is easily seen that the shot noise
in the wire with the elliptical cross section having its longer
axis oriented along the magnetic field is larger than in the
wires with other cross-sectional configurations. To explain
It is of interest to investigate the influence of the shape oftﬂ'S phe.nomhenon we con5|derda magt:letlc .f'elo]l oriented alo?g
the cross section of the quantum wire on the noise power. | ey e}X|s(t 1€Z axis corresponds to the axis of symmetry o
the wirg with the following gauge chosen for the corre-

Fig. 102) we show the noise spectra versiss for various Sé)onding vector potentigh=(zH,,0,0). After diagonaliza-

cross-sectional shapes and orientations with respect to tq L ) :
direction of a transverse magnetic field, plotted for 7 ion of the .Ham|lton|an in a mixed momentum-coordmate
' ' representatiorP,/w,m*, y, z; see Ref. 2Dwe obtain a

kgT/EF=0.005, and eVEg=0.1. In these calculations the oo nian “with the potentiall taking a form as in E
cross-sectional area of the constrictions was held constan - ’ P . 9 Q.
14), with w1, w,, and w; replacingw,, oy, andw,, re-

8., wxwy=const. spectively, where
The noise power corresponding to the wire having an el- P y:
liptical cross section with its small axis oriented along the
transverse magnetic field exhibits the fastest decrease as a 2= 1(w2— w2+ w?)+ 3| Wi+ 203 02— w?)
function of w. A similar effect on the conductance of wires
[thus pertaining to the thermal noise, see Et]] has been +(w>2<+ wi)z]m, (163
discussed in Ref. 20. For a wire with a cross-sectional asym-
metry o,/wy=1/3 shown in Fig. 1@&), the number of
current-carrying edge modes is smaller for any given mag- Wy= Wy, (16b)
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The increase of the transverse frequengyas a function
of the strength of the magnetic field leads to a decrease in the
effective cross-sectional area and to depopulation of the sub-
bands(i.e., decrease in the number of conducting channels
resulting in a decrease of the conductance and thermal noise,
as described above in conjunction with Fig.(d0

The decrease of the frequenay [see Eqs.(17b and
(18b)] with the strength of the transverse magnetic field cor-
responds to an effective lengthening of the constriction that
leads to a decrease of the shot noise as we already discussed
above. It is seen from E16¢) that w; depends only on the
magnetic field and on the parameters defining the constric-
tion in the plane normal to the magnetic field, i.e,, and
wy. From Eqgs.(17b and (18b) we note that for a given
transverse magnetic field the effective length of the constric-
tion is larger(i.e., ws is smallej for smaller values ofw,
(i.e., less confinement in that directjoleading to suppres-
sion of the shot noise.

IV. SUMMARY

Noise in mesoscopic and nanoscale systems is of great
interest since it(particularly shot noiseprovides insights
into carrier kinetics with a larger sensitivity to the Pauli prin-
ciple, carrier interactions, correlations, and quantization con-
ditions, than the conductanc¢in the limit of zero

i i ; 12 : : ;
eled via a soft-wall potential vs the strength of an applied transversf€guency.™ Indeed, recent progress in experimental fabri-

magnetic fieldlexpressed in terms @b/ wyw,), plotted for vari-

cation and measurement techniques allowed measurement of

ous values ofw,/w,, while maintaining a constant value of the Shot noise in 2D mesoscopic systefRef. 14, and Fig. @)

cross-sectional area of the constriction, i@yw,= wS:const. In
the calculations we useg=7, eV/Eg=0.1, (w,w,) "% w,=10. In

in Ref. 6].
In this paper we investigated noise spectra of ballistic

(a) kg T/EL=0.005 and inb) T=0. The relative orientations of the electron transport in 3D nanowires in field-free conditions,
cross-sectional axes and the transverse magnetic field are shownamd under the influence of applied magnetic fields, as well as

the inset.

2 2 2 2 4 2 2 2
w3= (- wytw;,—wi)+ %[a)c-l- 2w (wy— wy)
+(wi+ w?)?]Y2 (160

For the case of a circular cross section, i®/w,=1, the
above results transform to those given by Ey) in Ref. 20.

Note that the transverse frequenay, responsible for the
confinement in the direction of the applied transverse mag

netic field remains unchangééq. (16b)].
In the weak magnetic-field regimey,<w,, we get for
w1 and w3

1 wi
W1=wy 1+§m ; (17a

1 wg
W3= W, 1- zm . (17b)

On the other hand, in the strong-field limit.> w,,
w1=wg, (18a
Wy

Wg=w; . (18b

c

finite voltages. As emphasized by us previously, in the con-

text of studies of magnetic fielt!”?°and finite voltagé
effects on quantized conductance and thermopower in
nanowires, the ability to modify and control electronic trans-
port in such systems by externally applied fields is of par-
ticular interest, since currently used experimental methods
for generation and interrogation of 3D nanowftés.g., tip-
based methods, mechanical break junctions, and pin-plate
setups do not readily allow fabrication and measurements of
reproducible structures.

We studied here the noise characteristics in adiabatically
shaped nanowires, modeled via hard- or soft-wall confining
potentials. In both cases we find that the amplitudes of the
shot-noise peaks, occurring when the quantized conductance
of the wire changes from one conductance plateau to another,
are suppressefee, e.g., Eq99)—(12), and Fig. 2 for ef-
fectively longer wiredi.e., for increasing values of the ratio
R/a, between the axial radius of the wirg, and the radius
of the narrowmost cross secticay, see Fig. A(insey]. This
reflects enhancement of the time correlation between current-
carrying states in longer quantum constrictions.

In a magnetic fieldlongitudinal or transvergethe shot-
noise peaks plotted verslga, undergo splitting and shift-
ing (see, e.g., Fig. 3; for a similar effect in the presence of an
applied transverse magnetic field, calculated for a soft-wall
confining potential, see Fig.)8These effects originate from
removal of the degeneracies of the conducting mdttass-
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verse energy levelsand shifting of their energies by the sented in this paper are general, experimental observations of

applied magnetic field. For a wire with a small number ofthe predicted magnetic-field effects on the noise spectra of

conducting channels the effect of the magnetic field can leadanowires(as well as on the conductance as described in

to most significant variations in the noise spectrum as a funcRef. 17 may be most readily obtained for semimetallic

tion of the field strengtt{see, e.g., Fig. 4 where for a hard- nanowires due to the reduced electron concentratipas

wall wire with a single conducting channel magnetic-field- smallkg valueg, and consequently the relatively large cross-

induced “shot-noise blockade” is shown, i.e., observe thesectional wire radii corresponding to a small number of con-

curve corresponding tkray=2.5). Furthermore, control of ducting channels. For example, in bismuth wirks~

the noise spectrum through applied finite voltages in field2x10° cm™!, and a single conducting chann@gd-a,~3;

free conditions and under the influence of a magnetic fieldsee Fig. 1 corresponds tag~1.5x 107 cm. Thus the mag-

have been demonstratésee, e.g., Figs. 5 and 6 for a hard- netic field required to create a magnetic-flux quantum in such

wall wire and a longitudinal magnetic field, and Fig. 9 for a a wire is aboutH = ¢0/wag~10 T, which is readily acces-

soft-wall wire and a transverse magnetic field sible experimentallyobviously even smaller fields are re-
We also find that in a transverse magnetic field the crossquired for wider nanowires corresponding to larger conduc-

sectional shape of the nanowire may influence the noiseance values

spectra due to different contributions from the current-

carrying edge states depending on the azimuthal orientation

of the applied fielde.g., compare the noise spectra for ellip-

tically shaped cross sections shown in Fig). Tthis suggests We thank R. Landauer for his comments on the manu-

that cross-sectional shape anisotropy of nanowires could b&cript. This research was supported by the U.S. Department

detected through analysis of the noise spectra as a function of Energy, Grant No. FG05-86ER45234. Calculations were

the azimuthal direction of applied transverse magnetic fieldsperformed at the Georgia Tech Center for Computational
Finally, we remark that while the theoretical results pre-Materials Science.
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