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Phonon-induced quantum interference in electron transmission through
a one-dimensional system
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We investigate the influence of electron-phori&f) scattering on conductance of a finite one-dimensional
system by solving Schrddinger equation for EP states. At zero temperature the conductance as a function of
gate voltage exhibits both slow and fast oscillations, owing to the quantum interference between channels for
the EP states. By introducing disorder the regular oscillations are replaced by white-noise fluctuations. With
increasing the temperature both the slow and fast oscillations are gradually smeared. The relaxation of phonon
components in the EP states by coupling with the environment is also discussed. The results provide a natural
explanation for recent experimental observations of quantum interference in carbon nanotubes in which EP
scattering is important.
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O\_/ving to the_advances i_n tech_nology, in recent years it is H,= > (& + Vi)CiTCi +> (tOCiTCi+1+ H.c),
possible to fabricate one-dimensioriaD) or quasi-1D sys- i i
tems with their widths in nanometer scales. Carbon nano- o o
tubes, quantum wires, and quantum point contacts are efb® part for the phonon modes within the chain is
amples of these systerhs The transport properties are of Ho= S hwgal
particular importance for their possible applications. The ph~— q 4%aPa:
conductance of ballistic 1D or quasi-1D systems embedded
between two leads is quantized in units @£h.# This be- and the EP interaction is
havior, however, can be significantly changed when there _ t
exists scattering for the motion of electrons resulting in the Hepn= gazq: (AqCiCigg + H.C).
mean free path shorter than the system length. For 1D or
quasi-1D systems there are three important mechanisntdere, C anda] are creation operators for electron at site
causing the scatteringl) impurities or disorder in the sys- and for phonon of theth mode in the chaing; andt, are the
tem, (2) electron-electron interaction, an¢B) electron- Site energy and the nearest-neighbor hopping integral for
phonon(EP) scattering. By introducing the disorder Ander- electrons, respectively; is the additional potential at siie
son localization occurs for all states in 1D systems at theontrolled by the gate voltagé.w, is the phonon energy in
thermodynamical limif. The electron-electron interaction modeq, and\, characterizes the EP coupling strength. The
may change the behavior of Fermi liquid in a 1D sysfem. tight-binding Hamiltonian is used to reproduce the 1D dis-
The effects of EP scattering are twofold: it can reduce theédersion relation of a system by choosing the parameters, and
conductance by scattering the electrons out of their initiathe sites stand for discretization points. In a pure chain all
orbits, but in some casésuch as in systems with disordér &S are equal and set to be the energy zero, while in a dis-
may enhance the conductance by providing phonon-assistaptdered system they are uniformly distributed in range
tunneling paths. Recently, the effect of EP scattering in thé—w/2,w/2], with w being the strength of disorder. We are
0.7 anomaly of quantum point contacts was theoreticallyinterested in finite are® where the phonon modes locate
studied? and the EP interaction for tunneling electrons occurs. The
In this paper we investigate the effect of EP scattering orinteraction strength is dependent on the phonon enkugy
conductance of a finite 1D system by solving Schrédingemnd can be written 8s\,=co/%wg, With ¢, depending on
equation of the coupled EP system. It is found that the ERlensity, dielectric constant, system size, and average strain.
scattering can induce a special type of quantum interferencéhe hopping integral, can be estimated from the effective
(QI) for EP states, manifested by slow and fast oscillations ofmass of the conduction band.
the conductance with respect to the gate voltage. This is Due to the finite size oB, the wave vector of 1D phonon
contrary to the knowledge that EP scattering is inelastic an#hodes is discretized);=qj/n, with n being the total num-
always destroys the QI. The results provide a natural explaber of included modes ang=1, ... n. We are interested in
nation of slow and fast oscillations of conductance observe@nly those modes that are more isolated in segnBeand
in nanotube$. more strongly interacting with the tunneling electron, rso
We consider the following Hamiltonian in the 1D system: may be less than the number of all vibration modeB.ifror
acoustic modes we use a uniform frequency distribution for
these modesyp;=jw, With w, being the frequency spacing.
Becauséy>\y and the considered length Bfis only in the
mesoscopic range, the average number of phonons stimu-
where the electron part is written in a tight-binding form  lated by an electron during its transmission through &éa

H=He+Hgn+ Hepn, (1)
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FIG. 1. Equivalent one-electron network illustrating 10 : s (".)
odi i i ; ; R T R
Schrédinger equations. The vertical coordinate of sites represents “""*«--&é.-:g,::};ﬁ;;.ﬁﬁi.q,,,;
the phonon states, while the horizontal coordinate is for the position oo X, R
of electron. The bonds in the network stand for the nonzero off- Z osf ;
diagonal elements in the Hamiltonian. The black band at the bottom s ! ,
stands for the bath with hot phonons, and the thin links represent g M 1
the leaking of the 1D phonons to the bath. 02|t -~ n,=0.0003
-+~ m, =0.0002t,
0.0 y=0.0001t,
much less than 1. So we do not need to include multiphonon R -

processes in the EP scattering. The wave function of the

1.0
v, t)

combined electron-phonon system can be written as a super- i, 2. (Color onling Zero-temperature conductan@0) as a

position

)= > b;Cllo)y® ¢, ()

i j=0

where|0) denotes the vacuun, is the zero-phonon state,
d;l-#O:aﬂO) is the state with one phonon in mo@leUsually
this is an EP state and the coefficierts's obey the
Schrédinger equations,

L&+ Vi+(1- 6 ohjwolb;j+to(bj,1j +bigj) = Eby
fori & B,
and

[&+Vi+ (1 =6 0fjwolbyj +to(Disyj +Dig )
n

+ (Sj,OE )\Clj/bi,j' + (1 - (sj,O))\qui,Oz Eb“ fori e B.
=1

3
The 1D phonon modes B may be coupled to 3D phonon

function of gate voltag&/y without (a) and with(b) the leaking of

1D phonons. The length of regid® is 1200 lattice spacings, the
energy spacing between 1D phonon mode#dg=0.0008,, the
chemical potentiak.=0.66,, w=0 and the number of included 1D
modes in=20. For(b), cy/ hwy=0.04, and the number of included
environment phonon modes is 180 with energies distributed be-
tween 0 and 0.G3.

be completed during the tunneling of an electron if segment
B is short enough. The relaxation time of 1D phonons;is
=fl nM with M being the average number of environment
modes coupled to each 1D mode. Fgy=3X 108, M
=180 andty=1 eV, one has;=1 ps. The transmission time
7, iS estimated fronkL/tyaks, with L being the length oB,
a the lattice spacing, ank- the Fermi wave vector. Fdr
~10 nm, »,~0.1 ps, shorter tham; by an order of magni-
tude. In this case the EP coupling may create new effects
which cannot be accounted for from theories based on equi-
librium distribution of phonons.

By including the coupling of Eq4), the phonons in states

modes in the environment so that the phonon components ifq, (2) can leak to the bath, so new term;, b, ,CIX1|0),
EP states can decay into the bath in a relaxation time. T@noyld be added in this superposition. On the left-hand side

include this decaying process, we consider the coupling bes¢ Eq. (3) new terms,(1-

tween the 1D phonons and the bath,
r’— /—
Honvbatn = 2 7: (VM (P + 1)X]ag + Vm(m + DagX)),
q,r

(4)

whereX! is creation operator for theth mode in the bath,
(@)
m

5,',0)2r77qj,rbi,r, are added. New
equations fotb; , are similar to Eq(3) but with frequencies

of environment modes and coupling to the 1D modes. The
equations can be illustrated by an equivalent one-electron
network shown in Fig. 1. Below we will check the effect of
the relaxation of 1D phonons by includintgy, pa in the
calculation of Fig. 2v). In the other calculationbl,p pam IS

and mﬁx) are numbers of phonons in correspondingnot included as we focus on the effect of the coupling be-

modes, andy, is the coupling strength. The 3D phonons in tween the electron and the 1D modes.
the bath always obey the statistics of equilibrium, but the 1D We suppose tha is linked to the left and right leads. If

phonons in segmer can be out of the equilibrium due to

an incident electron wave with unity amplitude and enesgy

the stimulation of the tunneling electrons. Owing to the cou-is injected from the left and the phonon state in regiis

pling of Eq. (4), the 1D phonons iB will eventually decay

¢, the coefficients of the wave function outside regiboan

into the equilibrium. This decay process, however, could nobe written as
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bi 8
8€ +r;€™i" fori on the left-hand side d8, 4

/e"‘ i for i on the right-hand side d8, 0

(5 B

¢,/No,=0.02t,

wherej’ denotes the phonon states in both Bieegion and

the 3D bathk is the wave vector of the incident electron
satisfying e=2t;cosk, and k;;,, determined by € —€

= 2ty(coskj; —cosk)=7(j—')w,, denotes the wave vector
of electron outside regio after the inelastic scattering.
Correspondingly, this scattering causes the change of the
electron energy fronz to ¢, and the change of the phonon
state frome; to ¢;,. Here,rj;, andt;;, are the corresponding
reflection and transmission amplitudes, respectively, with
phonon statep;, left in B or in the bath. Under a small bias
voltageV, the current through regioB can be calculated as 0

¢,/he,=0.041,

Fourier Transform Coefficients

E E |t”r|2|5|n k“r“:J(T) CO/hm0=0'08t0
“h P sink| 8 , , .
i 0 200 400 600
evb eVb Oscillation Frequency (1/t )
XA f 6*7’1_ 1-1| €= 7'1_ FIG. 3. Fourier transformation of three curves in Figa)2
_f<€ _&% T){l f(fu ’eVb'Tﬂ , (6)  right zero-phonon channel for electron at the Fermi level.
However, this does not mean the zero effect of EP scattering

asty, still depends on the scattering within regiBn

In Fig. 2, we plot the zero-temperature conductance as a
function of the gate voltage for a pure chain with finite
length of B and various EP coupling strengths. The gate volt-

where F{(T) is the probability of phonon state being at
temperatureT, and f(e, teV,/2,T) is the Fermi statistical
factor on the left-handright-hand side under the bias,

eV, 1 age is applied only on regioB. In (a) the phonon-bath cou-
f(e, + 7,T) = i tev/2 ; pling is not included. By introducing the EP interaction both
p<e px e/ ) slow and fast oscillations d&(0) appear in varying the gate
keT voltage. This type of oscillation has already been observed in
with 4 being the chemical potential. By taking limitation the measurements of low-temperature conductance through
V,— 0, one obtains the dc conductance carbon nanotubesThey are attributed to the QI within re-
gion B illustrated in Fig. 1. Although the EP interaction usu-
It;j[%sink; [F;(T) ally causes decoherence of electron states, the EP state, as a
G(T) ‘__ d 2 |sink whole, can be coherent, and QI occurs if there exist more
than one channels for such state. The EP coupling by itself
(E 0 T) provides the multiple internal channels within regiBnas
[1-1(g;/,0,T)] can be seen from Fig. 1. Ifb) we investigate the effect of
relaxation of phonons in EP states by increasing the phonon-
af(ejj,,O,T) bath coupling. The largest value @f, corresponds the case
+ f(f,ofr)T ' ) of 7, < 7. It can be seen that the relaxation suppresses the

slow oscillations, but has little effect on the fast oscillations.
Probability F(T) obeys the thermal statistics of phonons. AsWe also can see that the relaxation effect is negligible i
only phonon stategs;} with j=0,1,2, ... pare included, so in the order of its typical value, 1 ps.
) In order to analyze the components in the slow and fast
Fi(T) = 1 exp<— M) (8)  oscillations, in Fig. 3 we plot the Fourier transformations for
Z keT curves in Fig. 2a). Two groups of frequencies, correspond-
. _<n Y ing to the slow and fast oscillations, are evident. Such a
with Z__Eizo exp(_hj ol kgT). structure is robust against the change of parameters, such as
At T=0, F;(0)=6; o and we have ; . .
wg, Cy, N, andL. By increasing the EP coupling, the group
e? ) near the zero frequency is slightly widened, corresponding to
G(0) :Tﬁoo\ezﬁ- (9)  the increase of the components with relatively higher fre-
quencies in the slow oscillations. In fact, the structure of

This means that ai=0 the conductance is only determined network in Fig. 1 provides the basic mechanism for these
by the transmission from the left zero-phonon channel to théwo groups of oscillation frequencies: the presence of mul-
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FIG. 4. (Color onling G(0) as a function of gate voltagé, in FIG. 5. (Color online Conductancés(T) as a function of gate
chains with different degrees of disorder. Other parameters are theoltage V, in a pure chaincy/%wy=0.04,, and the other param-
same as those in Fig. 3. eters are the same as those in Fi@)2

tiple channels in regiom gives rise to the interference be- and fast oscillations are smoothed. At higher temperatures
tween them which creates the slow oscillations, meanwhiléghe phonon states in the EP states are closer to the thermal
the finite length of each channel leads to discrete resonancesjuilibrium due to the inclusion of more channels on both
(quantum size effegtorresponding to the fast oscillations in sides in Fig. 1, and in turn the quantum coherence of the EP
the G(0) -V, curves. If we eliminate the coupling between state cannot be kept during the transmission of electrons.
channels by partial diagonalization, the obtained energy difThis eliminates the effect of QI. Such a temperature depen-
ferences between decoupled channels are in the order of Efence of slow and fast oscillations is in good consistence
coupling strength. These energy differences are muchith the experimental measuremefits. _
smaller than the resonant energies, and are related to the AS & summary, we investigate the effect of the EP inter-
low-frequency group of oscillations. This is the reason whyaction on the transport of electrons through a 1D system of

increasing the EP coupling can enhance frequencies of sloffiesoscopic length. It is shown that the quantum interference

oscillations, meanwhile has almost no effect on the fast os¢@" be induced by the EP interaction provided that the EP

cillations states are quantum-mechanically coherent during the tunnel-

The effect of disorder is displayed in Fig. 4 where theing of electrons through the region. This interference is ex-
G(0)-V, curves are shown for different strengths of disor- Nibited from the fast and slow oscillations of the conductance

J . . . ... with respect to the gate voltage. Such characteristics are ro-
der. By introducing the disorder, at first the fast oscﬂlatmn_s,bust against the changes of the size of the system and the

then the slow oscillations, are replaced by the white-noisgrength of the interaction, but can be easily eliminated by
fluctuations typical for disordered systems. It can be Seefhirodycing the disorder and raising the temperature due to
that the necessary disorder for destruction of the regular oghe destruction of the coherence. The obtained results pro-
cillations is certainly weak, indicating the frangibility of the yjde a natural explanation for the observation of fast and
Ql induced by the EP interaction. This means that the puritysjow oscillations of conductance in quasi-1D systems.

of 1D system is a necessary condition for observing such
interference. ACKNOWLEDGMENTS
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