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Shot noise reduction in quantum wires is interpreted within the model for the 0.7 structure in the conduc-
tance of near perfect quantum wirEE. Rejec, A. RamSak, and J. H. Jefferson, Phys. Re\6B 12985
(2000]. It is shown how the Fano factor structure is related to the specific structure of the conductance as a
consequence of the singlet-triplet nature of the resonances with the probability ratio 1:3. An additional feature
in the Fano factor, related to the 0.25 structure in conductance, is predicted.
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Conductance in various types of quantum wires and quarcorrelations® Kondo-like physics due to a localized
tum point contacts is quantized in units @§=2e?/h. Since  moment!® fluctuation of local electron densityto correc-
early experimental evidence for this effe€tmany subse- tions due to the backscattering of electrons due to phonons or
guent experiments have supported the idea of ballistic conWigner crystal state formatiolf. The relevance of these
ductance in clean quantum wires. However, certain anomanodels to the description of the 0.7 anomaly in shot noise
lies remain, some of which are believed to be related tgneasurements has not yet been investigated.
electron-electron interactions and appear to be spin depen- Here we do not limit the investigation to a particular ge-
dent. In the rising edge to the first conductance plateau, gmetry of the wire but _Con5|der the general case of a slightly
structure appears around Gg merging into the plateau at MPerfect quantum wire. Such structures occur naturally,
higher energies Traces of such an anomaly are present al-€-d:: from a two-dimensional electron g@DEGC) in which a
ready in the early measuremedtsin quantum point con- Surface split gate, which depletes the 2DEG below it, gives
tacts an additional structure appears around Gy2ith in- rise to a quasi-one-dimensional conducting channel at low

creasing source-drain bfaand this structure is also seen at temperatures. ~Slight deviation from a perfect one-
ing , : dimensional confining potential, either accidentally or delib-
low bias in hard-confined quantum wire$

. : N erately, can give rise to a localized potential well with single-
Under increasing magnetic field the 0.7 structure moveg,ectron bound states. This occurs in a wire with a weak

down and merges with thsGo plateau at very high field®  symmetric bulg® or in the presence of remote gates, impu-
At elevated temperatures the structures are eventuallyities, or even electric polarization due to the electron itself.
washed out but surprisingly this also happens at very lowrhe lowest bound state with energy<0 relative to the
temperatures where the disappearance of the 0.7 structupettom of the first conductance channel is shown schemati-
signals the formation of a Kondo-like correlated spin stéte. cally in Fig. 1(a). Provided the confining potential is suffi-
Related anomalies in thermopower measurements may alsiently weak, only a single electron will be bound since the
be explained though a violation of the Mott law emerges aienergy of the second electron will be in the continuum due to
very low temperatures. This additionally suggests a manyCoulomb repulsion and the system behaves like an open
body nature of electron transport in ballistic quantumguantum dot. From the numerically exact solution of two-
wires10 electron scattering problem, one can extract the transmission

Recently the nonequilibrium current noise in a one-probabilities for particular spin configuratiof$The prob-
dimensional quantum wire was measd#éd and this class lem is analogous to treating the cqllision of an elect_ron with
of measurements opens up a range of possibilities for gainin hy?grogc.an atom, e.g., as studied by Oppenheimer and
insight into the problem of the transport anomalies in clea ott. Th's can be v_|suaI|zed as the scattering of the second
quantum wires. In particular, careful measurements of th&!€Clron in an effective potentidler; arising from the com-
Fano factor in the expression for shot noise for this syste ined eff_ep'g of the .C.oulomb repulgon from the first electron
appears to be correlated with anomalies in conductance, sig"d the initial confining potentidFig. 1(b)]. In the absence
naling different transmission probabilities for spin subchan- fa magne'tlc field the approprlate Spin s'ubchannels are sin-
nels. glet and triplet and_, as |_Ilustrated in Fig(b], t_he two-

In this paper we present a theoretical explanation of thglectron system eXh'b'_tS _smglet and _trlplet quay-bound-sta?e
peculiar dependence of the Fano factor on conductance aj§Sonances in ”ansm'ss'ogc-, Summing over all electrons in
Fermi energy in ballistic quantum wires. We follow the idea "€ '€ads gives the curreti;
developed in the study of conductance of a clean one- 2e 1 3
dimensional quantum wire with cylindri¢dlor rectangular I= N (ZTO+ ZT1>(fL_ fr)de, (1)
cross sectiolt and a very weak bulge. Several other sce-
narios for the 0.7 structure were recently proposed, from avhere Ts=Tg(e) is an energy-dependent singlet or triplet
phenomenological model involving enhanced spintransmission probability forS=0 and S=1, respectively.
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(a) experimentally and studied theoretically. However, at
-~ bound electron \'/ higher temperatures these Kondo effects are suppressed and
My Ur the extended Anderson model yields a conductance in agree-
b ment with Eq.(1).
(b) In accordance with the Lieb-Mattis theor&hthe singlet
— uiplet T resonance is always at lower energies than the triget,
W v glet] Mg
L eff

2 < ¢, and consequently the quasibound state has a longer
""" g7 lifetime (the resonance is sharpeahan the triplet. This is
clearly seen from the results obtained for the case of a cylin-
drical (or rectangular quantum wire with a symmetric
v bulge!®!4presented in Fig. 2a,) and(b,).
Recent high accuracy shot noise measurements enabled
the extraction of the Fano factor in ballistic quantum wites.
FIG. 1. (Color onling (a) A weak negative potential fluctuation The Fano factoF is a convenient measure of the deviation
binds one electrofielectron density shown with dashed lingith ~ from Poissonian shot noise. It is the ratio of the actual shot
the energy below first channel minimurg, <O (dotted ling and  noise and the Poisson noise that would be measured in an
chemical potentiaky, ~ ug. (b) Finite conduction with electron en-  independent-electron systefhThis factor is, in our model,
ergy, e>0, and linear regimey, = ug. The two-electron scattering
(quasibounyl state is singlet or tripletVq; is an effective double
barrier tunneling potential for the scattered electr@).A larger f [To(1—To) +3Ty(L-T)I(f - fr)2de
source-drain voltage where the triplet) resonance becomes over- F=

damped with a broader, more robust, sindlg) becoming visible
in transport. f (To+3Ty(f - fR)’de

f r={1+exfd(e-u ) /kgT]} "t is the usual Fermi distribu-

tion function corresponding to left and right lead, respec-This expression and Edl), are based on the results of a
tively, with temperaturd and the Boltzmann constakg. In  two-electron scattering between a single bound electron and
the linear regimeAuw=u, —ugr— 0, this reduces to a gener- a propagating conduction electron with a summation over all
alized Landauer-Biittiker formutd?° for conductance,G  conduction electrons near the Fermi energy. This approxima-
=el/Au. The many-electron problem can be mapped onto ation is only valid at temperatures above the Kondo scale in
extended Anderson modéf? for which we have aropen this systent? as discussed in Ref. 22. E@) directly reflects
guantum dot with Coulomb blockade except near the rescthe fact that singlet and triplet modes do not mix in this
nances, which are analog to a “mixed-valence” single{pairwise interaction approximation, resulting in contributions
electron tunneling regime. At very low temperatures, the efto the noise that add incoherently with the probability ratio
fects of Kondo physics are expected and indeed signaledi:3 for singlet and triplet scattering.

(2)

I FIG. 2. (Color online Panels
(a1) and (by): Singlet and triplet
transmission probabilites as a
function of Fermi energy. mea-
sured relative to the bottom of the
first channel. Results for cylindri-
cal quantum wires with a symmet-
ric bulge for all parameters as in
Figs. 3b) and 3c) of Ref. 13. In
panels(ay,) and (b,) the conduc-
tance(full lines) and the Fano fac-
tor are presented. Pandls;) and
(bg): The Fano factor as a function
of G (full line) and unitarity limits
(dotted ling. (c;) Transmission
probabilities as would arise, e.g.,
for a left-right asymmetric confin-
(cy) ing potential (in resonance
— T~0 A o T\ — T=0 Ts<1). The corresponding energy
2 AT 12 NG - =0 dependence of the Fano factor and
e e 6K [N k. N conductance(c,), and Fano factor
AN : S\ as a function of conductancesy).
The energy and temperature scale

0 Y - A L e i3 O is here in the units of single-triplet
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The conductanc&(u) and Fano factoF(u) are plotted T T T T
vs u in Fig. 2 (a,) and(b,), with Fig. 2(az) and(bs) showing 1k @ T=515mK
the Fano factoF vs G for various temperatures and in the
linear response regimey=u, ~ ug The dotted lines show 08 g1
zero temperature boundaries for the allowed values-of ~ | ]
under the assumption of validity of E@2) in the limit T ~ &96
—0 and the unitarity condition for the transmission prob- I
abilities, 0<Tg<1. Equation(2) is not strictly valid in the |
limit T— 0 due to many-electron effects that start becoming o2}

-
e
P

important at low temperatures. Thus this zero-temperature L ; G 4
limit should be regarded as a limiting behavior that would T v e v - m WO
occur in the absence of such many-body effects. The Fanc B [meV]

factor exhibits two distinctive features. Firstly, there is a
structure forG/Gy< 0.5 corresponding to the sharp 0.25 sin- I
glet conductance anomaly. The second distinctive feature is ;L ® 7=273mK
in the region 0.5XG/Gy<1 and corresponds to the dip in :
the singlet channel just above the singlet resonance and als 0.8
partially to the triplet channel resonance. In our previous .~
work we assumed a symmetric confining potential fluctua-& %[
tion, giving perfect transmission probabilities at resonance I
energies. However, in real systems left-right symmetry will
not be perfect, especially if the fluctuation is of random ori- 2|

gin, and also under finite source-drain bias. In these case e

. . 1 " " 1 1 1 L 1 L
T§<1 even on resonance. Such an example is p_resented i 937 1136 135 134 133 132 131
Fig. 2 (cq) and(cs). In this case the structure &(G) is less u [meV]

pronounced, consisting of kinks &/Gy=<0.5 andG/G,

=0.75. This behavior is a consequence of the absence of
pronounced triplet resonance and a dip in the singlet chann
as mentioned above. Such a situation is typical for very weal

confining potential fluctuations, where the triplet resonanceprobabilities extracted from experimental valuesGii) vs x and

is far in the continuum. . using two interpolating forms fdf. The shaded area corresponds to
The structure atG/Gy=0.5 has the same origin as the o shaded area in the insét) As in (a), for T=273 mK.

0.25 structure in conductance, a direct consequence of a
sharp singlet resonance. In Figlclwe show a schematic timates can be done. First, we approximateG)
representation of the nonlinear regime with finite source=min(F,,1-G/G,), whereF, corresponds to the line con-
drain voltage. In this case the double peak potential barrier igecting the experimental points f@&=0. Such a “fit I” is
asymmetric and shallower, giving rise to broader singlet angbresented in the inset of Fig(a8 (full line). Another choice
triplet resonances. The triplet resonance can even beconigF(G)=F;, whereF, is some “minimal assumption” linear
overdamped while the singlet becomes more robust to tenrgpproximation for experimental data at I&vand presented
perature as it broadens. Hence, a pronounced 0.25 structufeFig. 3@ inset with a dashed line, “fit Il.” The line-shaded
in the conductance is expected, surviving to a higher sourceareas between the two choices correspond to the experimen-
drain voltage than the triple0.7 structurg This is indeed tally undetermined regime. . . _
seen in experiments>8If Eq. (2) at least qualitatively holds . In Fig. 3(a) are presented the singlet and triplet transmis-
also in this nonlinear regime, a distinctive feature shouldsion probabilities extracted from su¢H(G) and the corre-
appear in the Fano factor, as presented in Figas2, (bs), sp_ondlng experlmental .values f@(u) for T=515 mK. In
and (cy). spite of t_he uncertainty ifr, the structure of bothT_O andTl
Thus far we have calculated conductance and the Fan@'€ relatively well determined and remarkably similar to the

factor from singlet and triplet resonances and found goodheoretically predicted cases from Fig. 2, with a much larger

semiquantitative agreement with experiment. In the regim riplet transmission probability at lower energies, where the

of linear conductance and low temperature, Bg.and Eq sm_gle'tAis juTlt above resc_)narr:ce_anld only slowly approgcgles
iear Lond . o S " unity. A small resonance in the singlet transmission probabil-
(2) simplify, with G andF determined byTy(«) taken at the

: hen i h q d ity corresponds to the kink structure fnat G~ 0.5G,. How-
Fermi energy. We can then invert the procedure and use the,er more accurate measurement§ afre necessary in or-

experimentally determined conductance and Fano factor t@er 1o reduce the error bars in the estimates of singlet and
determine the transmission proba}blllltl‘é(x;andTl using EQ.  triplet transmission probabilities. In Fig(l9 these probabili-

(1) and Eq.(2) in this regime. Unitarity forF requires that  ties are extracted for the case of the lower temperafure
F<1-G/Gy and thatF is above some lower limit-;,(G) =273 mK. The most striking observation is the more rapid
[dotted line in inset of Fig. @) ]. Unfortunately experimental increase of the singlet transmission probability, a possible
values ofF rise above this limit, possibly due to uncertain signature of Kondo behaviéié

temperature corrections, and therefore cannot be used to de- The experimentally measured Fano factor in a strong
termine the probabilities unambiguously. However, some esmagnetic field clearly suggests the spin-up and spin-down

FIG. 3. (Color onling (a) Inset: Experimental values from Ref.

for F(G) for B=0 (bullety and two different interpolatingfit-
ﬁng) forms of F. Main figure: Conductance foF=515 mK andB
=0 (dashed ling singlet(full line), and triplet(dotted transmission
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structure of spin subchannels. Here the singlet-triplet concegémperature dependence, which could be related to the
is not relevant,T,; and T, being the appropriate subchannel Kondo-like behavior at lower temperatuté® High magnetic
division. Equation(2) is therefore not valid in this limit. field measurements are in qualitative agreement with the re-
However, the theoretical results for the conductance of neagults of the theory. Finally, our results for a weak asymmetric
perfect quantum wires in a magnetic fild® predict that,  confining potential in an otherwise perfect quantum wire pre-
due to the Zeeman subband splitting at finite magnetic fieldgict that in finite source-drain voltage measurements a strong
only one spin channel is open atllower energies and t_he CORtructure in Fano factor should appear B 0.5G,. This
ductance reacheS ~ G, only at higher energies, consistent grcture corresponds to the recently measured 0.25 conduc-
with experiment. The corresponding Fano factor then followsance anomalied Additional refined measurements of con-
the unitarity limit for this case,F~1-2G/G, for G gyctance and the Fano factor could more precisely resolve
<0.3G, forming a bow with a maximum a6G~0.7%3,,  the singlet and triplet transmission probabilities and test the

shown in Ref. 12. This is qualitatively consistent with the yregictions of the theory based on the singlet-triplet resonant
experimentally determined high field results ferthough a scattering.

more quantitative description of the transition between the

two regimes is still lacking. We thank M. Buttiker for drawing our attention to the
To conclude, we have shown that anomalous structures ishot-noise problem and for helpful suggestions. We also

shot noise Fano factor measurements can be understotithnk T. Rejec for comments and B. Butka for stimulating

within the framework of the theory of 0.7 conductancediscussions. Support is gratefully acknowledged from the

anomalies in near perfect quantum witédhe analysis of Ministry of Education and Science of Slovenia under Grant

temperature dependence indicates strorgjegletchannel No. PI-0044, the EU, and the UK MoD.
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