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We study the effect of phase randomization on the quantum transport through a finite-
range time-modulated potential. The time-modulated potential leads only to coherent inelastic
scatterings, and the incoherent processes are described by an S-matrix mode proposed orig-
inally by Bttiker for the case of timeindependent transport. This S-matrix model provides
us a systematic way to reinject into the system those electrons that have suffered with inco-
herent scatterings. The distribution of these reinjected electrons is determined by an effective
chemical potential +. For comparison, we study the cases where the incoherent processes
occur inside and outside the time-modulated region. The incoherent processes are found to
broaden and to smear the structures in the conductance G that are associated with the coherent
inelastic scatterings. However, the smearing is more effective when the incoherent processes
occur inside the time-modul ated potentid region.

PACS. 72.10—d — Theory of electronic transport; scatering mechanisms.
PACS. 72.40.+w — Photoconduction and photovoltaic effects.
PACS. 73.40— - Electronic transport in interface structures.

|. Introduction

The effects of phase randomization on the quantum transport have drawn continuous atten-
tion in the recent past. These studies are usudly rdated to indagic scatterings [1-4]. But inelastic
scattering does not necessarily lead to incoherence. There are coherent inelastic scatterings [5, 6],
when the system of interest is acted upon by an externdly specified time-modul ated fidd. On the
other hend, there are decoherence effects resulting from collisons leading to large energy transfer.
More recently, decoherence effects resulted from small energy transfer collisions are recognized
[7]. The environment from which the sysems are scatered incoherently consigts of many degrees
of freedom.

In this work we do not explore the microscopic mechanisms for dephasing; rather, we
explore quditatively the posdble efects of dephasng on our system of interes. Since there is
as yet no simple microscopic approach for the implementation of the incoherent processes, our
choices are left with two widdy used modes for our quditative exploration. One of the modelsis
an S-matrix modd, proposed by Blitiker [8], that consists of a coupler coupling the incoherently
catered dectrons to areservoir from which these particles will be reinjected back into the sysem.
The distribution of the reinjected electrons is given by the effective chemicd potentid * of the
reservoir. There isno phase corrdation between the dectrons entering and leaving the reservoir,
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and this leads to the lost in the phases of these electrons in the sygem. Another modd invokes a
complex potentid [2-3]. In this model the wavevector is complex and the wavefunctions become
atenuated, in accordance with the inelastic mean free path. This atenuation in the wavefunction
refl ects the nonconservation of the particle in the sysem and also that the Hamiltonian is non-
Hermitian. Bagcdly, the modd only keeps track of the coherent part of the wavefunction. A
direct comparison of these two models have been made recently for the case of a conducting
ring threaded by a magnetic flux [9]. The S-matrix modd was shown to produce results more
consistent with the symmetry in two-probe magneto-conductance experiments.

We thus choose the S-mairix modd for the incoherent processes in our systems and we
extend it to the case when the sysem is acted upon by a time-modulaed potential. The system
we consider is a narrow condriction (NC) connected adiabati cdly to two end-dectrodes. In this
gystem, the effect of a finite-range time-modulated potentia on the coherent inelastic trangoort was
gudied recently [6]. It was found that the tranami tting € ectrons can be trapped temporarily within
the time-modulated region if they can make intersideband transitions to their subband bottom by
emitting n~!. The dectrons are trgpped by quasibound states induced by the time-modulaed
potentid. The existence of these quasibound states depends on the singular dendty of states at a
subband bottom. These quasbound gates were found to exhibit interesting dip structures in the dc
conductance G [6]. Since only coherent indastic scatterings were conddered and the incoherent
processes were assumed to occur only in the two end-eectrodes [ €], it is legitimate to explore the
effects, to these interesing G structures, of incoherent scatterings that occur in the time-modulated
region.

In Sec. Il we present our formulation that treas the coherent indastic scattering and the
incoherent scattering nonperturbatively, and on the same footing. Both the cases that incoherent
scattering occurs either ingdeor outsidetheregion of the time-modulated potential are invedigated.
We cdculate the dc conductance G in the low source-drain bias regime. In Sec. 111 nhumericd
examplesillugrating the influence of incoherent scatterings to the structuresin G will be presented.
Findly, Sec. IV presents a concluson.

1. Theory

In this section, we outline our formulaion that treats the indastic and the incoherent
caterings nonperturbatively and on the same footing. Even though the NC is assumed to be
one dimeng ond in this work, the formulation is readily to be generdized to multi-channd cases.
We expect, however, that the one channd NC has dready ceptured the essentid physics for the
indadic scaterings The NC is acted upon by a time-modulated potentid of the form

V() =Veos(THu(L=2 i jxj); @

where L isthe spatial extent of the potentid and x isthe propagetion direction. With a convenient
choice of units: energy unit E* = ~2%k2=2m"; length unit a® = 1=kg; time unit t* = ~=E°; and
ke atypicd Fermi wavevector for the system, the Schrodi nger equation can be converted into its
dimensionless form, given by
'@—2+V(X't)>a(X't) —i@a (x;t): 2
' ox2 ’ T et
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HG. 1. Sketch of an incoherent scatterer. This scatterer consists of a S-matrix coupler, denoted by the
triangle, and a reservoir . The four connecting leads are indicated in the same figure

Here m” is the effective mass of the dectrons.

Theincoherent process that occurs in NC is represented by a S-matrix, as shown in Fig. 1,
that connects to NC, via leads 1 and 2, and also to areservoir, via leads 3 and 4. As mentioned
earlier, the purpose of this reservair is to fadilitate the remova of phase coherence from electrons
entering it. The chemicd potential * of the reservoir defines the distribution of the electrons
leaving the reservoir, and its value is chosen such that the net current between the reservoir and
NC is zero. An explicit form for the unitary S-matrix S(*") is given by [8]

2 o Pr= Po 0o 3
S(M = pioi_ -0 ° ppn_ : €)
" 0 0 i 1"
0 Pa P ¢

which connects incoming waves, with amplitudes a = (ai;a; as;as), to the outgoing waves,
with amplitudes b = (b ;b,;b3;b,), through the rdation

bT =s(Ma': 4
The coupling parameter ™ in S(*") ranges between 0 - " - 1 and denotes the extent the
NC couples with the reservoir. For " = 1, the dectron will lose track of its phase entirdly once
it encounters the coupler. For ™ = 0, the NC and the reservoir * are decoupled. The form of

S(™) is chosen such that the diagond matrix dement is zero. By this choice the S-matrix does
not produce back-scatering. Hence the model has a nice feature that the outgoing amplitudes do
not depend on the location of this incoherent scaterer. Furthermore, even though we have chosen
the S(**) coupler to locate at X = Xp, our result would not depend on the specific vaues of Xp.
However, our result would depend on whether Xp isinside or outdde the time-modulated region.

[1-1. Incoherent scatterings inside the time-modulated region

We firg consider the case that the S(*) coupler locates inside the time-modulated region.
The dectron can incident from the left reservoir via lead 1, or the right reservoir via lead 2, or
from the reservoi r associated with the coupler via leads 3 or 4. The resulting scattering states 2 1,
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with m ranges from 1 to 4 and indicates the incident lead, can be written in the form [ 4, 5]

[tm;14n;08"" X 2) + el TIn X2l IE+ND x<jl=2
[®m1nelqnx+_mlnei IQnX]ei i(E+n!)t J,(V:!)ei it i L=2 <X <X
[®m2nel 1gnX +_m2ne|qnx]ei i(E+n!)t J|(V:!)e| it Xg <X < L=2
m=g X i ian(i &) inxi 5ol IE+NDE
[Fm;21n;0€ 27+ tmané 2’le . X >1=2
x igny 4 — i 1GnY1ai i(E+n!)t>< —1)pi i1t .
["—'m;3in;0e + m3n€ le Ji(v=1)e leed 3;y <0
[fmiatn:0e'®Y + " pgnei MnY]ei {EFNDL g y=1)ei It g 4:y <O

n |

©®)

Here y is the coordinate in leads 3 and 4 with the coupler located & y = 0. The symbol
n is an integer indicaing the nth sideband such that it corregponds to an energy E + n! in
the wavefunction outside the time-modul ated region, where jxj > L=2. The coefficients ® yin
and min represent incoming and outgoing amplitudes, respectively, in lead i that connects to
the incoherent scatterer. The coefficients tmin ad tman represent amplitudes leaving the time-
modulated region and gpproaching reservoirf)l and 2 respectivdy. The effective wavevector
for an dectron in the nth-sideband isqn, = E +n!. Finally, the above wavefunction in the
time-modulated region oonlg_;,sts of a factor that involves a summation over |. This follows from

the identity e TSt =" 3;(¥)el ', The expressions for the reflection and transmission

|
coefficients can be obtained from matching the wavefunctions and their derivatives a x = § L=2,
and at dl times For the matching at the coupler, we use Eq. (3) and obtain

8 _

min = 1j "®mon+ pﬁim;3in;oeiano
_ — r)F )
mn = 1i "®min+  "Emgtnee’dnXe
“man = PO el | PTi e (6
§ man = Omn€ o i T 1§ Mt
= “man = P @manei o ; P15 " 4m;3tn;0:
The matching a& x = § L=2 gives us
8 < h i
tmin + a0 = Jnj (V=) T mue'®z +@myel 'z
X i h N N Li
2 tmn i tmatno = _Inji(V=1) Tmuez j Omyet '
P h _ i
g tman + #m2no = Jnj1(V=E) ma gl +@ el 17 ™
X h i
= + = q

: I _ — il . Ciq L
tman i Fmi2dn0 q_Jni I(V=1) "m2e'%z j @mpel 'z
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We solve the above equaions numerically for the coefficients The correctness of our results is
checked against the conservation of current for each incident ectron. The condition is given by

>0<an. o
© Jtminj® + jtmznj® +J manj? +§ manf® =1 (8
n
The above summation, indicated by the primed superscript, includes only the propagating modes.
It can be shown from smplifying Egs. (6) and (7) that Xo appears only as an overd | phase factor
to the coefficients. This trivial dependence on X is dliminated automaticaly from all physcd
guantities such as the current through the gructure.

After we solve the above equations for the coefficients, we can apply them to the calculation
of the currents in all the leads for a given set of chemical potentids 14, 15, and . Here11, 15
arethe chemicd potentid sfor reservoirs 1 and 2, respectively. For agiven bias with1,; =1 ++1
and 1, =1, we have to adjust * such that there is no net current between the reservoir + and
NC. It is convenient to define > = 1o ++ 1, where 1 is determined from the case of zero bias
(i,e. £ = 0) between leeds 1 and 2. The determination of = for the low bias case is quite
graightforward, according to the following procedure.

Firg of all, to determine ¢, the totd current in leads 3 and 4, denoted by I3(%; %) +
14(*; %0), mug be zero. But the symmetry of the sructure gives 13(; 2o) = 14(*; o). Therefore
the condition becomes 13(*;%o) = 0. Thecurrent in lead 3 has contributi on coming from electrons
in reservoirs 1 and 2, given by

Z,
: 2e XNKonie 5 . 50
120)=2" dE T R+l 9
h o . O
and from electrons in reservoirs 3 and 4, given by
Z N LA #
: 2e © o XNKognie .o . ¢
1300)="7  dE a4 i 1 (10)
h o . o
Hence 1 can be determined from requiring 132(2) = j 134 (%0).

Now, in the low-biasregime, when 1 isvery smdl, thetotd changein the current tl3+xl4
must gill be zero. This can be achieved by adjusting 1o to o + £*. The condition becomes
2

3
2et1 —_ . —_ . — . — .
3+l = h 4 q_(r)‘(J 33nJ2+J 34n12+l 43n12+J 44nJ2)5
n(%)
2etr Xg. o _ (1)
+ 3—2(] 13ni% + | 14nj?)

n(*)
= 0

Consequently, we obtain the rdation between +* and £, given by
o 10+ 1nf?)
1 =P n®) 1 (12

g_ -— - -— - -— - -— - i 3
qE(J 33nj? +J sanj® +J mnj2+] 4anj?)
n(*o)
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where the symbols n(*), or n(*p), in the summations indicate evduaion at energies 1, or 1o,
respectively.
The zero-temperature conductance G is then given by

G= i )
e : # #9
P L P o
§ (i 1ani® +i 1ni?) & (jtanj? + jtanf?) 2 (13
_ 2 Xq—njtlz j* + "V p T .
N By @ 2 R T el T e T g

_ifh

(il_ " #ll #9
P .- - - . P R .
2% L 13nj” +J 14nj%) g%(Jtsan2 +jtainj?) %
- Zi 1j > q_njtll j2 i M p n(*o) .
T h n Y N e N S N Vi ) .
g ey 0 L qo U 3anl® +1 aanl® +1 aanl® +J wnl®)  Z
(14

I1-2. Incoherent scatterings outsde the time-modulated region

For the purpose of comparing with the results in the previous subsection, we consider
here the case when the S(**) coupler locates outside the time-modulated region. Without lose of
generality, we let Xo < j L=2. The scattering states @ ;}, can be written in the form

8 ><h i
im;lin;oeiQn(Xi X0) 4 “min€l ign(Xi X0) @i I(E+nI)t X < Xo
xh@ mon €] ign (Xi Xo) +_m2neiQn(Xi Xo)i gi I(E+nl)t Xo < X< jL=2
= thmneiqn(xi D) 4 gyl G0 %)' o i(E+n!)tXJI(V:!)ei it ixj < L=2
m = Xhim;zin;oei n(Xi 5) 4 g5, @10 %)I N i(E+nI! )t x> L=2
X£im;3in;oeiq”y + “manet 1Y gi 1E+NDL lead 3;y < 0
= X£i’m;4in;oeiq”y +  man€! iqnyDei I(E+nht lead 4,y < O:
n (15)

Following similar procedure as in the previous subsection, we can solve for the coefficients The
relaion between 2 and 11 is of the same form as in Eq. (12) except that 29 = 1.
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The zero-temperature conductance G is then given by
8 . . o

o o Py S
202 sx . . %%(J 13nj” +J 14nj°) . %%(JtBZnJZ + jtaznj®) =
G=— t + P : (16
h = o gzl 27 R0 seni® +j w2+ wnP+] ani®) = (19
- n »

After some algebra, we can smplify the reations to the following form, with

1+(1i "R
1. = ° 7 41-
£ 2 "R T (17
and
_2? (2T ",
G_ h 2 - n IIT " (18)

Here R and T are the current reflection and transmisson probabilities for the time-modul ated
potentid only. These probabilities are rlgated to the coefficients t;,,, but with the coupling
parameter * = 0. In another words, T = ,(@n=0p)jtiznj? add R =1 T for " = 0. Equations
(17) and (18) are of the sameform as that for elastic scattering. The difference hereistha T and
R condgst of contributions from scattering into various sidebands

II1. Numerical results

In this section, we present numerica examples for the G versus * characteridics in the
presence of both the time-modulated potentid and the incoherent scatterings T he results depend
onL,V,and !, which are, respectivey, the spatid extent, the amplitude, and the frequency of the
time-modulated potentid. The results also depend on ", the coupling parameter of the i ncoherent
caterer. Our numerical examples can be gpplied to the case of semiconductors by choosng the
energy unit E* = 9 mev, length unit L® = 79:6 A, and frequency unit 1° = 13:6 THz

In Fig. 2, we present the relative shift (* j 2)=! in the chemical potential of the reservoir
1 for the case when incoherent processes occur within the time-modulated region. The physca
parametersare ! = 0:014, V = 0:036, L = 150, and " = 0:001. The curveshowsthat + maintans
only a smal deviation from the chemical potentiad * of the end-dectrodes Thisdemonstratesthat
the imposed condition of zero current between the reservoir * and the NC is essily handled by the
present modd. The oscillations in the curve are found to arise from multiple scatterings tha occur
within the time-modulated region. Assuming perfect reflections at an edge of the time-modul ated
region, we can estimate the chemica potentids. = 1r a which these kind of resonances occur.
These resonances occur & 1r(n;m) = n! + M4 “ for integer values n and m. In fact, even
though the values of * at the peaks in the curve always fdl short of the values for T r(n;m),
they correspond quite reasonably to the vdues 1 (0;m) for m = 1;2; 3; 4;5; and 1 r(1; m) for
m = 1;2;3;4;5. This trend, however, is expected because the actud length for the multiple
scattering is longer than L.
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FIG. 2. Relative deviation of the chemical potential (1 j 1)=! versus 1=1. Physicd parameters are

L =150, ' = 0:014, V = 0:036, and " = 0:001. The incoherent processes occur inside the
time-modul ated region.

In Figs. 3a and 3b, we present the G versus * characteristics for four values of ", with
" = 0:001, 0.3, 0.6, and 0.9. The other physicd paraneesare ! = 0:014, V = 0:012, and
L = 150. The incoherent processes occur inside, and outsde, the time-modulated region in
Fig. 3a and Fig. 3b, repectively. For the " = 0:001 curve, the transport is essentidly coherent
and the G characteristics exhibit a dip dructure at *=! = 1. Thisis the quasibound gate feature
because the incident electron, with energy * = I, can make a transition to its subband bottom
by emitting an energy ! while traverang the time-modulated region [6]. It is then temporarily
trapped by the quas bound state formed just beow the subband bottom. That thereis indeed such
a quasbound stete can be confirmed by a pole in the current trangmission coefficient when the
energy 1 is dlowed to have a small but negative imaginary part [10]. The oscillatory features
in G is the harmonic feaures resulted from multiple scattering of the particle within the time-
modulated region. We note in Fig. 3athat as " increases the harmonic features are suppressed,
the dip structure becomes shd lower while its width is broadened, and the overdl G values are
uppressed.

Comparing Figs. 3a and 3b, we see that except for the dip structure and the harmonic
features, the numericd values of G for the same ™ arefairly close to one another. The conductance
for Fig. 3bis given by Eq. (18). By setting T = 1, we obtain for the G in Fig. 3b its optimum
vaue for agiven "', which is

_2¢%i, "¢
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FIG. 3. Conductance G as a function of * for L = 150, V = 0:012, and ' = 0:014. The coupling

parameters " = 0.001, 0.3, 0.6, and 0.9. Fig. 3aisfor incoherent processes occuring within the
time-modul ated region and Fig. 3b isfor incoherent processes occuring outside the time-modulated
region.

Indeed, the numerical values of G for both of the figures are farly close to but bounded by that
given by Eq. (19). On the other hand, the major differencein the two figures is with the harmonic
festures Fig. 3ashowsthat G suffersstrong suppresson in the harmonic sructures as™ increases
while Fig. 3b shows only a very mild suppression of the harmonic structures in G. Meanwhile,
the dip dructure is more prominent in the later figure. This demonstrates unequivocdly that the
multiple scattering within the time-modulated region is not affected by the incoherent processes
for the case of Fig. 3b. On the contrary, in Fig. 3a, when incoherent processes occur within the
time-modulated region, the probability for an eectron to traverse coherently from one end to the
other end of the region will certainly drop as " increases. The lack of new harmonic features
aso shows that the introduction of incoherent scaterer does not bring in new coherent multiple
scattering length scales. This again illustrates that the incoherent scatterer model has described
the incoherent processes gppropriately.

In Figs. 4a 4b, and 4c, we present the G versus 1 characteridics for L = 100, 150, 200,
and for " = 0.3, 0.99. Other physcd paametasare ! =0:014 and V = 0:012. The incoherent
processes occur within the time-modulated region in Fig. 4a, and the incoherent processes occur
outside the time-modulated region in Fig. 4b and 4c. The dip Sructureat * = I perdgsin all of
the curves. This is very important because this demonstrates that the quasibound state feature is
very robugt against the incoherent processes. In Fig. 4a, even though we have presented the curve
for (L; ") = (100; 0.99), our results show that the curves for (L; ") = (150; 0.99) and (200, 0.99)
fdl exactly onto the (100, 0.99) curve. Therefore, the G characterigics depend on L for " = 0.3
but are independent of L for " =0.99. In addition, the harmonic festures are found in ™ = 0.3



VOL. 39 H. C. LIANG AND C. S CHU 73

" _~
g <
b b
: «
S S
.*2 L 05
= b=
E E
= L
= g | . .| - L=100, £=0.3
@ =0.014
Qo &} L V=0.012 L=150, =03
——= L=200, =03
o) i
0.0 I
0.9 1.0 1.1
LAY

""" L =100, £=0.99

L =150, €=0.99
=" L=200, £=0.99 -

G (in units of 2e%/h)

0.0
0.9

FIG. 4. Conductance G as a function of * for L = 100, 150, and 200. Physical parameters are
I = 0:.014, and V = 0:012, and " = 0:3 and 0.99. Fig. 4a is for incoherent processes oc-
curing within the time-modulated region. Figs. 4b, 4c are for incoherent processes occuring
outside the time-modulated region.

but vanishes in " = 0.99. These features together show that the ectrons can no longer traverse
the entire L coherently for ™ = 0:99. In Figs. 4b and 4c, however, the L dependence and the
harmonic features are evident in all curves. Also, the dip sructures are more prominent than their
counterparts in Fig. 4a These are consigent with the fact that incoherent processes occurring



74 EFFECTS OF INCOHERENT PROCESSES ON THE ¢¢¢ VOL. 39

outside the time-modulated region contribute only a minima disruption to the coherent multiple
scattering processes that occur ingde the region.

V. Conclusion

In condusion, we have formulated a theory that treats incoherent processes and coherent
indastic scatterings on the samefooting. The theory is cast into a scattering problem which dlows
us to perform nonperturbative and efficient calculation. We have gpplied the theory to a simple
case of quantum trangport through a NC. Our results show that the quasibound gate featuresin G
that are induced by the time-modulated potentid are very robust against the presence of i ncoherent
processes in the system.
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